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Adenine nucleotide translocase (Ant) is an inner mitochondrial membrane protein 

that catalyzes the exchange between ATP and ADP. Among four isoforms in humans, 

which are expressed in a tissue dependent manner, Ant4 is conserved in mammals and 

exclusively expressed in testicular germ cells. The testicular specific expression of Ant4 

has been suggested to have a specialized function in mammalian male germ cells. On 

the other hand, localization of the Ant2 gene on the X chromosome in mammals implies 

that Ant4 may act as a compensatory Ant for the loss of Ant2 gene expression during 

male meiosis due to meiotic sex chromosome inactivation (MSCI). In the present study, 

I demonstrate that the orthologous Ant4 gene was found in the reptilian anole lizard, 

which has a heterogametic sex determination system like mammals. Interestingly, gene 

dosage analysis with genomic DNA and bisulfite sequencing patterns indicated that the 

anole Ant2 was not on the X chromosome suggesting that the gene is free from MSCI. 

Nonetheless, Ant4 was still selectively expressed in anole testis. These data imply that 

Ant4 may not be conserved simply for compensating for the loss of Ant2 gene 

expression during male meiosis. Ant4 expression may be advantageous in 

spermatogenesis and/or for sperm function in certain species. To further investigate the 
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hypothesis that Ant4 has a specialized function for male germ cells, I utilized Ant4 null 

mice that have defects in spermatogenesis with increased apoptosis and infertility. 

Using a genetic approach with BAC trangenes, Ant2 or Ant4 was forcefully expressed in 

Ant4 null testes that were then examined to see if Ant2 was able to restore the impaired 

spermatogenesis. Unexpectedly, the control Ant4 transgene expression did not rescue 

the Ant4 null testis phenotype even though the transgene was expressed comparably to 

the endogenous Ant4 gene. Here I fully discuss possibilities why the designed 

experiments did not work. In order to obtain further insight regarding the function of Ant4 

in gametogenesis, I also closely examined the phenotype of Ant4 null female mice. Ant4 

null female mice were fertile with normal morphology, size, and weight of ovaries 

comparable to those of wild type, although Ant4 was expressed during female meiosis 

in the embryonic ovary. This suggested that Ant4 is dispensable during female meiosis 

when Ant2 is expressed. Lastly, I will demonstrate a gene conservation profile of Ant4 

orthologs in vertebrates through updated gene databases. There I highlight an 

interesting similarity between ortholog conservation profiles of Ant4 and CatSper, the 

latter of which is known to be essential for sperm hyperactivation. These data provide 

us with new insights regarding specific and redundant function of Ant4 during 

mammalian gametogenesis.  
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CHAPTER 1 
INTRODUCTION 

Adenine Nucleotide Translocase 

Adenine nucleotide translocase (Ant), also called ADP/ATP carrier (Aac) is a 

protein embedded in the inner mitochondrial membrane that exchanges cytoplasmic 

ADP for mitochondrial ATP in eukaryotes. Thus, Ant is essential for energy metabolism 

because most of the energy utilized by eukaryotic cells is produced by hydrolysis of 

ATP into ADP. This protein functions as an antiporter to allow one molecule of ADP to 

enter only if one molecule of ATP exits. Ant members are nuclear encoded proteins of 

30-35 kDa and are the most abundant proteins in the inner mitochondrial membrane [1]. 

Ant consists of six transmembrane domains and has a conserved sequence motif, 

RRRMMM that is essential for ADP/ATP exchange activity [2].To date, four isoforms 

have been identified in mammals and are expressed in a tissue dependent manner. 

Ant1 is specifically expressed in heart and skeletal muscle and Ant2 is ubiquitously 

expressed at a low level, but is induced in proliferating cells such as lymphocytes and 

cancer cells. Ant3 is ubiquitously and constitutively expressed whereas Ant4 is 

specifically expressed in testis [3-5]. Rodents including mouse have Ant1, 2 and 4 but 

not Ant3. 

Functions of Ant 

ATP/ADP Antiporter 

Collectively, Ant isoforms exclusively exchange cytoplasmic ADP for 

mitochondrial ATP. However, it is not clear whether individual Ants have similar 

biochemical properties. De Marcos Lousa et al examined this question by expressing  

three human ANT isoforms, ANT1, ANT2 and ANT3 in a yeast strain whose Aac 
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isoforms were disrupted [6]. In their system, human ANT1, 2 or 3 were inserted between 

the yeast Aac2 promoter and terminator. Human ANT3 most efficiently restored the 

growth of Aac triple mutant yeast on medium including nonfermentable carbon sources 

such as glycerol or lactate while human ANT1 or 2 expressing yeast were less efficient. 

In addition, they measured the kinetics of ATP/ADP exchange (Km and Vmax) in isolated 

mitochondria from human ANT expressing yeast. Consistent with the observation for 

growth, Km (8.4uM) and Vmax (80.5nmol ADP/min/mg protein) were highest in human 

ANT3 expressing yeast mitochondria whereas Km (2.5-3.7uM) and Vmax (30-40nmol 

ADP/min/mg protein) were lower in human ANT1 or ANT2 expressing mitochondria. 

The kinetics of Ant4, the most recently identified Ant, was examined by Dolce et al [7]. 

They measured Km and Vmax in liposomes reconstituted with human ANT4. Km and Vmax 

were 728uM and 1300200nmol ADP/min/mg protein, respectively. However, since 

the two groups used two different systems, yeast mitochondria and reconstituted 

liposomes, to measure the kinetics of ATP/ADP exchange, it is difficult to directly 

compare their results in somatic ANTs and germline ANT4. To solve the issue, 

Hamazaki et al attempted to generate individual human ANT expressing yeast lacking 

three yeast AAC isoforms [8]. Unexpectedly, human ANT4 expressing yeast did not 

grow in medium including nonfermentable carbon source regardless of the copy number 

of ANT4. Only after mutagenesis with mutagen ethyl methanesulfonate (EMS), they 

could obtain human ANT4 mutant yeast strains bearing mutations (A30V, P95S and 

S202L) in the Ant4 coding sequence, which we able to grow on nonfermentable carbon 

sources. In isolated mitochondria from those mutants, Km and Vmax were measured but 

displayed a wide variation in the kinetic values depending on the specific mutation. Thus, 
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a proper system should be developed to analyze individual biochemical properties of 

Ant. 

Mitochondrial Membrane Transition Pore Complex 

Apart from the function of ATP/ADP exchange, Ant has been implicated in the 

mitochondrial permeability transition pore (MPTP). Classically, Ant was considered to 

be an inner mitochondrial membrane (IM) component of the MPTP complex which also 

contains voltage-dependent anion channel (VDAC) in the outer mitochondrial 

membrane (OM) and cyclophilin D (CyD) in the matrix [9]. Permeability transition (PT) is 

a sudden increase of IM permeability for solutes with molecular mass up to 1.5kDa, and 

is caused by MPTP opening. In physiological conditions, the permeability transition pore 

complex (PTPC) involves an exchange of small molecules such as ADP and ATP 

between cytoplasm and mitochondrial matrix. When cells encounter lethal signals such 

as increase of reactive oxygen species (ROS) and Ca2+ overload, MPTP opens to allow 

small molecules to enter freely into the mitochondrial matrix resulting in an influx of 

water into the mitochondria matrix by osmotic pressure. This increased water content 

induces swelling of mitochondria and eventually rupture of the OM leading to the 

release of apoptosis inducing molecules including cytochrome c. Activation of the 

caspase cascade by the released molecules is followed by cell death [10]. Although 

studies with bongkrekic acid, an inhibitor of Ant [11] and sanglifehrin A and cyclosporin 

A, inhibitors of CyD [12] suggests that Ant and CyD are components of PTPC, genetic 

studies has since raised questions. Kokoszka et al generated conditional Ant2 ko mice 

and mated the mice with Ant1-/- mice [13]. In the double mutant mice, the Ant2 gene 

was specifically deleted in a liver by albumin promoter inducing cre recombinase and 

MPTP opening was analyzed in the isolated mitochondria from the Ant1/2 deficient liver. 
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Surprisingly, uncoupler, carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) 

induced MPTP opening occurred in Ant1/2 deficient liver mitochondria like wild type. In 

addition, increased Ca2+ activated MPTP in the Ant1/2 deficient liver mitochondria 

although three fold more Ca2+ was required to induce the MPTP than wild type 

mitochondria. In both conditions, cyclosporin A could inhibit the FCCP or Ca2+ induced 

MPTP opening, suggesting that Ant is not essential for MPTP opening but may act as a 

regulator which is sensitive to Ca2+ induced MPTP opening [13]. In addition, VDAC has 

been reported to be dispensable for the MPTP opening [14]. Mitochondria from Vdac1-/-, 

Vdac3-/- and Vdac1/3 null mouse hearts showed similar levels of Ca2+ induced MPTP 

opening compared to wild type mitochondria while cyclosporine A inhibited Ca2+ or 

oxidative stress (H2O2) induced MPTP opening. In contrast, Ppif, the gene encoding 

CyD, null mitochondria were resistant to Ca2+ or H2O2 induced MPTP opening, 

suggesting that CyD is an essential component of MPTP [15]. Thus, it remains to be 

elucidated what molecules are true components of PTPC. 

Uncoupler 

In addition to its antiporter and potential MPTP functions, Ant is involved in 

uncoupling. Uncoupling is respiration that is not coupled with ATP synthesis by 

oxidative phosphorylation in inner mitochondrial membrane. It utilizes the 

electrochemical proton gradient established across the inner mitochondrial membrane 

for thermogenesis instead of ATP generation by ATP synthase and it also prevents an 

excessive increase of ATP by hyperpolarization that would inhibit respiration [16]. A 

number of mitochondrial uncoupling proteins are involved in uncoupling. A well-known 

example is uncoupling protein 1 (Ucp1) which functions in brown adipose tissue. 

However, in addition to brown adipose tissue, various other tissues also become 
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uncoupled under the presence of fatty acids [17]. Thus, it has been suggested that other 

inner mitochondrial membrane transporters including Ant function as an uncoupler. 

Surprisingly, basal uncoupling and fatty acid induced uncoupling was found in Ucp1-/- 

brown fat cells [18]. Oleate induced uncoupling was inhibited by carboxyatractyloside 

(CATR), an Ant inhibitor in Ucp1-/- fat and liver mitochondria whereas basal uncoupling 

was inhibited by CATR in Ucp1-/- fat mitochondria but not in Ucp1-/- liver mitochondria. 

While Ant2 is predominantly expressed in liver, both Ant1 and Ant2 are expressed in 

brown fat tissue. Thus, it is thought that Ant1 and Ant2 may be responsible for basal 

uncoupling and fatty acid induced uncoupling, respectively. However, it is still 

questionable whether Ant1 and Ant2 function as uncouplers in other tissues, and 

uncertain whether Ant3 and Ant4 also mediate uncoupling. 

Adenine Nucleotide Translocase 4 

Unlike other somatic Ants, Ant4 is a germ line specific Ant, which is exclusively 

expressed in male germ cells and localizes in the inner membrane of mitochondria [19]. 

Mitochondrial morphology is known to be relevant to the metabolic status of cells. In this 

regard, there are two major morphological conformations: orthodox and condensed. The 

orthodox conformation is characterized by linear tube-like cristae with one or at most 

two connections to the periphery, whereas the condensed conformation have larger 

cristae with multiple connections to the periphery and an irregular pattern of inner 

mitochondrial membrane [20]. The condensed conformation represent higher 

mitochondrial respiration compared to the orthodox conformation [21]. During 

spermatogenesis, mitochondrial morphology is dramatically changed. Orthodox-type 

mitochondria are observed in spermatogonia and preleptotene and leptotene 

spermatocytes and intermediate mitochondria form in zygotene speramtocytes. 
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Pachytene and secondary spermatocytes and early spermatids have condensed 

mitochondria. Intermediate mitochondria appear again in late spermatids and 

spermatozoa [22]. Thus, mitochondria are highly activated in mainly meiotic male germ 

cells to provide energy. This mitochondrial respiration activity change is relevant to 

lactate metabolism in male germ cells [23,24]. In Sertoli cells, glucose is taken up via 

specific glucose transporters (Gluts) and is converted to pyruvate through glycolysis. 

Pyruvate is converted to lactate by lactate dehydrogenases (Ldhs). Lactate is 

transported out of Sertoli cells and in meiotic and postmeiotic germ cells via 

monocarboxylate transporters (MCTs). Lactate is then oxidized to pyruvate by LdhC 

and enters the tricarboxylic acid (TCA) cycle in male germ cells. Thus, high 

mitochondrial respiration activity is required for male germ cells to produce ATP using 

pyruvate during meiotic and early postmeiotic periods. Interestingly, this observation is 

also relevant to the Ant4 expression pattern [25]. Ant4 transcript levels increase through 

leptotene and zygotene stages of spermatocytes, peak in early pachytene 

spermatocytes, and then decrease in late pachytene spermatocytes and round 

spermatids. This suggests that Ant4 likely plays an important role in male germ cell 

metabolism during meiosis. As speculated, genetic deletion of Ant4 causes early 

meiotic arrest in male germ cells, leading to male infertility [25,26]. However, it should 

be noted that there is no direct evidence to demonstrate that a defect in the energy 

supply in Ant4 null testes results in impaired spermatogenesis.  

The present study focused on investigating the hypothesis that Ant4 has a 

specialized function in spermatogenesis and/or sperm functions. Based on the tissue 

specific gene expression of Ant isoforms, it has been suggested that an individual Ant 
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plays a specialized role in the tissue where it is expressed. Thus, Ant4 may be 

specialized and optimized to function in male germ cells. On the other hand, localization 

of the Ant2 gene on the X chromosome in mammals implies that Ant4 might only 

compensate for the loss of Ant2 gene expression during male meiosis due to meiotic 

sex chromosome inactivation (MSCI). In the present study, I will initially demonstrate 

that Ant4 is also conserved beyond mammalian species, in anole lizard, which gave us 

a further insight regarding the origin and specific role of Ant4 in male germ cells 

(Chapter 2). In Chapter 3, I will attempt to elucidate the hypothesis by adding back 

orthologous Ant4 or paralogous Ant2 genes in Ant4 null mice. Further, I will scrutinize 

the role of Ant4 during female germ cell meiosis in order to obtain additional insight 

regarding the hypothesis (Chapter 4). In Chapter 5, I will discuss overall conclusions 

based on the data obtained from the present study. In addition, I will introduce newly 

obtained gene conservation data in vertebrates and discuss the potential roles of Ant4 

in sperm hyperactivated motility.  
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CHAPTER 2 
EVOLUTIONARY GENOMICS IMPLIES A SPECIFIC FUNCTION OF ANT4 IN 

MAMMALIAN AND ANOLE LIZARD MALE GAMETES 

Background 

The adenine nucleotide translocase (Ant), also called ADP/ATP carrier (Aac), 

mediates the exchange of ADP and ATP across the inner mitochondrial membrane, 

thus playing an essential role in energy metabolism in eukaryotic cells [28-30]. Under 

respiring conditions, ATP produced within the mitochondria is exported to the cytosol 

through Ant to support cellular activities. In exchange, ADP is imported to provide a 

substrate for the conversion of ADP to ATP by ATP synthase. Ant belongs to the 

mitochondrial carrier family that supports a variety of transport activities across the 

mitochondrial inner membrane [30,31]. A typical Ant molecule comprises 300-320 

amino acid residues that form six transmembrane helices. 

The Ant family proteins are encoded by the nuclear genome. Since free living 

bacteria do not have Ant-like molecules, Ant proteins are thought to have been derived 

from a broad specificity transport family of eukaryotic origin [32]. Most eukaryotes, 

including unicellular eukaryotes, have multiple Ants. For example, the budding yeast 

Saccharomyces cerevisiae has three genes (AAC1, AAC2, and AAC3) that encode Ant 

proteins [33]. Among them, Aac2p is a major isoform that is abundantly expressed 

during respiration and repressed during fermentation [34]. Aac1p and Aac3p are 

expressed almost exclusively in aerobic and anaerobic conditions, respectively [33,35]. 

Moreover, Aac2p and Aac3p have an ability to import ATP that is sufficient for survival 

of the yeast after loss of mitochondrial genome whereas Aac1p does not [36]. Thus, 

                                            
Reprinted with permission from 27. Lim CH, Hamazaki T, Braun EL, Wade J, Terada N 
(2011) Evolutionary genomics implies a specific function of Ant4 in mammalian and 
anole lizard male germ cells. PLoS One 6: e23122. 
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different Ants are likely utilized for ATP export and import, in order to efficiently cope 

with varying external nutrient and oxygen conditions. Provocatively, the S. cerevisiae 

AAC1 gene appears to have accumulated substitutions at a higher rate that AAC2/3 

[37], consistent with the idea that the AAC1 gene underwent a functional change after 

duplication. It is interesting to establish whether a phylogenetic approach can also 

provide insights into the functions of Ant genes in vertebrates. 

In multicellular organisms, differential expression of Ant genes depends on a 

variety of factors, including tissue type, developmental stage, and cellular proliferation 

state. Most vertebrates possess three distinct Ant paralogs that exhibit a relatively high 

degree of sequence identity. Of these, Ant1 (Slc25a4) is expressed primarily in the 

heart and skeletal muscle, and is presumed to be suitable for rapid ATP metabolism in 

heart and skeletal muscles [38]. Genetic inactivation of Ant1 (Ant1-/-) resulted in viable 

mice [39]. However, these animals developed mitochondrial myopathy and severe 

exercise intolerance along with a hypertrophic cardiomyopathy as young adults [39]. 

Ant2 (Slc25a5) and Ant3 (Slc25a6) are expressed ubiquitously in somatic tissues; 

however, Ant2 expression is higher in rapidly growing cells and is inducible in mammals 

whereas Ant3 appears to be constitutively expressed in all tissues [3,40]. It should be 

noted that rodents do not have the Ant3 ortholog; instead, the mouse Ant2 ortholog 

seems to have the combined functions of human Ant2 and Ant3 [41,42]. 

Utilizing various approaches, we and others identified a fourth member of the Ant 

gene family, Ant4 (also called Slc25a31, Aac4, and SFEC) in both humans and mice 

[5,7,19]. The human ANT4 gene was predicted to encode a 315 amino acid protein with 

a relatively high degree of amino acid sequence identity to the previously identified ANT 
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proteins (73%, 71% and 72% overall amino acid identity to ANT1, ANT2 and ANT3, 

respectively). Like all other ANT genes, ANT4 encodes a protein that contains three 

tandem repeats of an approximately 100 residue domain, where each domain includes 

two transmembrane regions, This is a characteristic shared by all members of the solute 

carrier family [43]. The amino acid conservation predicted that Ant4 was a specific 

carrier of ADP/ATP. The Ant4 protein contains a RRRMMM sequence at the end of the 

fifth-helix transmembrane domain, a sequences that is conserved in all of the Ant 

proteins (but not in other Slc25s) that is essential for ADP/ATP transport activity [2]. 

Indeed, Dolce et al. [7] reported that Ant4 specifically exchanges ADP and ATP, but not 

other solutes, by an electrogenic antiport mechanism.  

We have determined that Ant4 is expressed exclusively in testicular germ cells in 

adult mice, with this expression being particularly high during meiosis [25]. It should be 

noted here that Ant4 appears to be expressed in embryonic ovaries as well [44] (Lim et 

al., unpublished observation). Further, Ant4 is essential for male germ cell development 

in mice [25]. Ant4 null male mice are infertile and they exhibit a meiotic arrest at or after 

the leptotene stage [25,26]. The Ant2 gene is always located on the X chromosome of 

mammals; thus, Ant2 gene expression is repressed during male germ cell meiosis due 

to meiotic sex chromosome inactivation (MSCI) [25]. On the other hand, the Ant4 gene 

is always located an autosome. A plausible hypothesis regarding primary function of 

Ant4 is that it acts to compensate for the loss of Ant2 expression during male meiosis in 

mammals [25]. The meiotic arrest phenotype in Ant4 null male mice is indeed consistent 

with this compensation theory [26], and the compensation theory would be consistent 

with presence of Ant4 only in mammals. Since Ant4 is present in both eutherian and 
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metatherian mammals this hypothesis would place the duplication sometime between 

150 million years ago (MYA), when the eutherian-metatherian divergence occurred 

[45,46], and 300 MYA, when synapsids (Synapsida, the clade that includes mammals) 

diverged from the birds and true reptiles (clade Reptilia) [47].  

The details of this hypothesis were, however, indirectly challenged by 

phylogenetic analyses that suggested a more ancient origin of Ant4 [25]. However, it is 

unclear whether the results of those phylogenetic analyses reflect any of the difficulties 

associated with examining ancient evolutionary events [47,48]. Specifically, branch 

lengths for Ant4 homologs were much longer than those for Ant1, 2, and 3 [25], 

consistent with the hypothesis that Ant4 has a function distinct from the other vertebrate 

Ant genes but also consistent with the idea that Ant4 may be misplaced in estimates of 

phylogeny. Here we present direct evidence for a more ancient origin of Ant4. Briefly, 

the anole lizard has an ortholog of Ant4 that exhibits with a testis specific expression 

similar to that seen in mammals; however the anole Ant2 gene was unlikely to be 

located on a sex chromosome. Moreover, additional phylogenetic analyses confirm that 

the Ant gene family in animals has a complex history of gene duplications and losses 

and further indicate that the Ant4 subgroup is likely to have had an ancient origin. Here 

we will introduce our new hypothesis, which is not necessarily mutually exclusive with 

the compensation theory, that there is a specific advantage for mammals and lizards to 

express Ant4 during spermatogenesis and/or in their sperm. 

Materials and Methods 

Database Mining, Sequence Alignment and Phylogenetic Analysis 

Genomic sequences encoding Ant proteins from various species and their 

inferred amino acid sequences, including the anole lizard, were obtained from the 
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Ensembl (http://useast.ensembl.org/index.html), NCBI (http://www.ncbi.nlm.nih.gov), 

and JGI (http://genome.jgi-psf.org) databases. Sequences were aligned using Mafft 

[49,50] and imported into MacClade 4.08 (http://macclade.org) for manual adjustment. 

The maximum likelihood (ML) estimate of phylogeny was obtained using RAxML [51] 

version 7.2.8, using the LG model [52] with Γ-distributed rates across sites and 

empirical amino acid frequencies. We chose the LG+Γ+F model because was the best-

fitting model from the candidate set of empirical models. Model fit was assessed using 

the Akaike information criterion [53] using a neighbor-joining (NJ) tree estimated using 

uncorrected distances (p-distances). To assess support for specific groups in these we 

conducted 500 bootstrap replicates, using a full ML search for each replicate. 

Chromosome Synteny 

Syntenic chromosomal regions including Ant4 gene among (Homo sapiens), 

anole lizard (Anolis carolinensis), chicken (Gallus gallus), turkey (Meleagris gallopavo), 

and zebra finch (Taenopygia guttata) were examined  comparative genomics 

information Ensembl and UCSC genome browser [54]. For the identification of 

degenerate DNA fragment of putative Ant4 gene in chicken, the putative degenerated 

Ant4 region of chicken was translated into an amino acid sequence and the amino acid 

sequence was compared to the protein encoded by the human Ant4 gene. To determine 

when the shifts in the constrains on the avian Ant4 orthologs occurred, we used PAML 

4.2 [55] to estimate the ratio of nonsynonymous substitutions per nonsynonymous site 

(KA) to synonymous substitutions per synonymous site (KS). The KA/KS ratio 

(abbreviated ω) was estimated using an alignment that included anole lizard, human, 

mouse (Mus musculus), and dog (Canis familiaris) sequences in addition to the avian 

pseudogene sequences. The set of codon models that was examined for this question 

http://useast.ensembl.org/index.html
http://www.ncbi.nlm.nih.gov/
http://genome.jgi-psf.org/
http://macclade.org/
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included the standard single ω model [56] and branch models [57] with multiple free ω 

parameters (two parameters, three parameters, and a free ω parameter for all 

branches). Akaike weights [58], which can be interpreted as the probability that a 

specific model is the member of the candidate set with the smallest distance to the 

(unknown) true model, were calculated to compare the fit of the candidate models.  

Animals and Sample Preparation 

Anole lizards were rapidly decapitated, and tissue samples were immediately 

frozen on dry ice.  They were stored at -80oC until use. For the extraction of total RNA 

and genomic DNA, the tissues were ground in the liquid nitrogen using a mortar and 

pestle prechilled in liquid nitrogen. Murine tails were cut from 3 week old C57BL/6J 

when they were weaned and the tails were kept at -20oC.  

RNA Expression (qRT-PCR) 

Total RNA was isolated from heart, liver and testis of anole lizards by 

RNAqueous kit (Ambion) according to the manufacturer’s instructions and genomic 

DNA contaminated during the RNA isolation was removed by TURBO DNA-freeTM kit 

(Abion). Complementary cDNA was synthesized from the total mRNA by reverse 

transcriptase and random primers (Applied Biosystems) under the following synthetic 

conditions; 25oC for 10min, 37oC for 120min, 85oC for 5sec. The qRT-PCR was 

performed with the SYBR Green assay (Applied Biosystems) under the following 

thermal cycling conditions; 95oC for 10min and 40cycles at 95oC for 15sec and 60oC for 

1min. The levels of Ant mRNAs in each tissue were normalized to the housekeeping 

gene, -actin and relatively quantified by the 2-Ct method. Template equivalent to 

2.5ng of total RNA was used for the amplification and each reaction was performed in 

triplicate. The primer sets used were: Ant1:5’-GACACGGTCCGACGTAGAAT and 5’ 
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AAGAAAGCCTTGCCTCCTTC, Ant2:5’-CTACAGAGCGGCCTACTTCG and 5’-

TCCAGCTGATCAAAATGTGG, Ant3:5’-TTGCGGGGTTTATATCAAGG and 5’- 

TCTGGGAGCATACCTTTTGC, Ant4:5’-AGACGCATGATGATGCAGAG and 5’-

AAGGCTCCTCGAAAGAAAGC, and -actin:5’-TCCCTGGAAAAGAGCTACGA and 5’-

GCAGGACTCCATACCCAAAA. 

Gene Dosage Analysis (qPCR of Genomic DNA) 

The relative gene dosages of Ant1, 2, 3 and 4 as well as Slc25A43, which is a 

neighboring gene of Ant2, between female and male genome, was determined by qPCR 

of genomic DNAs. Wizard Genomic DNA Purification Kit (Promega) according to the 

manufacturer’s protocols from livers of male and female anole lizards and tails of male 

and female mouse as controls. A 2.5ng sample of gDNA from each tissue was used as 

the template and qPCR was performed under the same thermal cycling conditions as 

described above. Each amplification was normalized to the -actin of anole lizard and 

mouse, respectively and relative gene copy number was calculated by the 2-Ct 

method. Finally, the relative gene dosages of female obtained by dividing the relative 

gene copy numbers in female by in male. The primer sets are listed below. Primer set I 

for anole lizard was Ant1:5’-ATGTCTCAGTCCAGGGCATC and 5’-

TGCCACTTCCGAGACCTCTA, Ant2:5’-CTACAGAGCGGCCTACTTCG and 5’-

AAACGGAAACACGGATACGA, Ant3:5’-CCTATCCCTTTGACACTGTGC and 5’-

GCCATACAGCCCAGAAAACA, Ant4:5’-TTTTGGCTCCTTCAAAATGG and 5’-

GATTTGGCAGCATTCCCTAA and -actin:5’-CACTTGTGTTGCCTCACGTT and 5’-

GGGGTGTTGAAGGTCTCAAA. Primer set II for anole lizard was Ant2:5’-

AGTCTCTCTCCCGGTTCCTC and 5’-ATGGTGCCCGAGTACATGAT, Ant4:5’-
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GGGTGGAGGTTCTGCATCTA and 5’-CCGAAAGAGATGGGATCAAA, and -actin:5’-

CATTAGCCCTCGAACTTTGG and 5’-GGATACCGCAGGACTCCATA. Primer sets for 

mouse was Ant2:5’-TTCCCTTTCCCCTTCTCTGT and 5’-

TATCTGCCGTGATTTGCTTG, Ant4:5’-GCGTCCTCCAAGCAGATAAG and 5’-

TATGGGATGCTAAGGCCAAG and -actin:5’-TGCCCTGAGTGTTTCTTGTG and 5’-

GGGGTGTTGAAGGTCTCAAA. 

CpG Methylation Analysis (Bisulfite Sequencing) 

The bisulfite conversion of genomic DNA extracted from the tissues as described 

above was carried out using EZ DNA Methylation-GoldTM Kit (Zymo Research). Putative 

Ant2 promoter regions in the bisulfite converted gDNAs of anole lizard and mouse were 

amplified by PCR with the following primer sets: Ant2 for anole lizard:5’-

GTTGGATGTTTTATGAGGTTTTTTT and 5’-CCTAAAACAAAAACTTAATCCTCTC and 

Ant2 for mouse:5’-GGTTTGATTAGGTGTTAAGGGTAAG and 5’-

AAAATACCCCCTTTCTATACAAATC. The amplicons were gel-purified and cloned into 

bacterial cells using TOPO TA cloning (Invitrogen). Colonies from each sample were 

chosen and sequenced.  

Results 

Anole Lizard Has the Ant4 Ortholog 

The green anole lizard, Anolis carolinensis, is the first nonavian reptile genome to 

be sequenced. When we examined the conservation of Ant gene orthologs in the anole 

we found likely orthologs of all four Ant1, 2, 3 and 4 genes present in humans. The 

amino acid identity of the proteins encoded by the anole Ant1, 2, 3 and 4 genes to the 

proteins that are encoded by their human orthologs was 90%, 93%, 90% and 79% 

respectively. Moreover, their intron-exon structure was conserved between the anole 
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and mammals, with four exons observed in Ant1, 2 and 3 and exons in Ant4, just as 

seen in mammals (Figure 2-1A). Indeed, the deduced amino acid sequence of anole 

Ant4 had unique features only seen in mammalian Ant4, including N-terminal and C-

terminal extensions and RRRMMMQSGE at the end of the helix H5 region (Figure 2-

1B). To the best of our knowledge, this was the first time a clear ortholog of Ant4 has 

been identified outside of the mammals.  

Consistent with the intron-exon structure and the signature sequences, 

phylogenetic analyses (Figure 2-2A) verified the relationship between anole and 

mammalian Ant4 and further suggested that the Ant4 lineage is more closely related to 

specific invertebrate Ant genes than it is to Ant1, 2, or 3. These analyses suggested that 

there have been a large number of gene duplications (and gene losses, given the 

inclusion of many organisms with relatively complete genome sequences that were 

included in our analysis) and further indicated that vertebrate Ant genes are found in a 

“core group” that also includes some invertebrate sequences. This core group was 

united by a long branch with a high degree of bootstrap support. Within this group, 

however, bootstrap support was relatively limited. Since the inclusion of very divergent 

outgroup sequences has the potential to distort the ingroup topology [59,60]. We 

excluded the outgroup sequences (along with two very divergent ingroup sequences) 

and conducted another phylogenetic analysis (Figure 2-2B). These analyses confirmed 

the relationship between a set of tunicate Ant4-like genes and vertebrate Ant4 

orthologs. Although the relevant tunicate genes are intronless and lack the signature 

sequences of vertebrate Ant4 orthologs, the phylogenetic analyses support the 
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hypothesis that that the divergence between the Ant4 group and the Ant1-3 group 

reflects an ancient duplication, substantially predating the origin of vertebrates. 

Anole Ant4 Is Expressed in Testis 

We next examined the gene expression pattern of Ant1, 2, 3 and 4 in anole 

lizard. Heart, liver and testis were harvested from male anole lizard, and total RNA was 

extracted. The amount of Ant mRNA in these organs was then examined using 

quantitative RT-PCR (Figure 2-3). Ant1, which is selectively expressed in heart and 

skeletal muscle in mammals, was also expressed in anole heart but not detectable in 

anole liver and testis. Ant2 and Ant3, which are expressed ubiquitously in mammals and 

they were also expressed in all of the anole tissues examined. Ant4, which is expressed 

exclusively in testis in adult mammals, was also expressed in anole testis but not in any 

somatic organs examined. These data indicate that all Ant orthologs in anole and 

mammals. In particular, testis-specific expression of Ant4 suggests that the gene is 

likely to play a role in anole male germ cells, similar to the role that Ant4 plays in mice.  

Chicken Has a Degenerate DNA Fragment that Corresponds to a Likely Ant4 
Pseudogene 

Based on phylogeny and intron-exon structure, the anole Ant4 (Slc25a31) gene 

appears to be an ortholog of mammalian Ant4 genes. Moreover, the gene expression 

profile suggests that its function in the anole is similar to its function in mammals. This 

implies that the common ancestor of mammalian and reptilian species had the Ant4 

gene. Then, what happened to the Ant4 gene in birds? To answer this question, we 

examined chromosomal regions harboring Ant4 in other vertebrates.  As shown in 

Figure 2-4A, human ANT4 gene is located on chromosome 4q28.1, between the INTU 

gene and the HSPA4L, PLK4, and MFSD8 genes. Chromosomal synteny is conserved 
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between human and anole genomes and these genes flank the 5’- and 3’-end of the 

Ant4 gene in the anole as well. These data further confirm that the anole Ant4 gene is 

the authentic ortholog of the mammalian Ant4 genes.  

When the chicken genome was examined, the syntenic region including Intu, 

Hspa4l, Plk4, Mfsd8 genes were present in this order was found in chicken 

chromosome 4, although an Ant4 ortholog was not present in this region (Figure 2-4A). 

However, it was possible to identify DNA fragments of similar to the Ant4 gene between 

Intu and Hspa4l genes in the chicken genome and other avian genomes. For example, 

the sequence from Chromosome 4:35430626 to 35431987 in the chicken genome 

includes two genomic regions which could be translated to 23 and 40 amino acid 

fragments with a high degree of similarity to human and anole Ant4 proteins. However, 

there is one nonsense codon and a two bp insertion that creates a frameshift in these 

regions. Similar degenerate Ant4-like DNA sequences were also evident in the turkey 

and zebra finch genomes, although the zebra finch sequence only includes a region 

similar to the second of these exons. An intron-like sequence was present at a site 

identical to the first intron of the human and anole Ant4 genes in the avian pseudo-

coding regions, and these regions retain the GT sequence after the splice donor site 

and the AG before the splice acceptor (only the AG is retained in the zebra finch since 

the first exon-like region appears to have been deleted in this taxon). Moreover, the 

second exon is followed by a GT sequence in the zebra finch (this sequence is AT in 

the chicken and turkey, suggesting a mutation occurred in these lineages after their 

divergence from the finch lineage). These data confirm that the common ancestor of 

reptilian and mammalian species had the Ant4 gene, as suggested by the phylogenetic 
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analyses (Figure 2-2), and indicate that the Ant4 gene has been degraded during avian 

evolution. Since we were not able to identify obvious synteny of the region in the 

zebrafish (Danio rerio) and frog (Xenopus tropicalis) genome, we were not able to 

elucidate if degenerate Ant4 pseudogenes are present outside the amniotes. 

It seems clear that the Ant4 gene was inactivated in the common ancestor of the 

zebra finch (a member of the Passeriformes) and the chicken and turkey (both 

members of Galliformes). The avian supergroup (Neognathae) that includes both of 

these orders is very diverse, including virtually all orders of birds [61]. Given this 

constraint, it remains possible that the Ant4 was inactivated at any point before the 

divergence of these lineages (Figure 2-4B). To place the timing of this inactivation in a 

framework that can be tested using phylogenetic methods we simplified this to two 

models, an early inactivation model and a late inactivation model (indicated by the 

arrows in Figure 2-4B). Fitting a set of models of codon evolution to the nucleotide 

sequence data for Ant4, including the two avian Ant4 pseudogenes, allows us to test 

these simplified models. The fundamental prediction is that the ω parameter, which 

describes the relative rates of nonsynonymous and synonymous substitutions, will 

increase to a value of one upon gene inactivation. As a heuristic, we present a 

comparison of trees with branch lengths proportional to the amounts of nonsynonymous 

and synonymous change (Figure 2-4C). As expected for pseudogenes, the synonymous 

branch lengths were similar for birds and other taxa whereas the nonsynonymous 

branch lengths were much longer in birds (Figure 2-4C). The length of the branch 

leading to the birds in the nonsynonymous tree was also long, a finding more consistent 

with the early inactivation model.  
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We tested five different models of codon evolution using this Ant4 data. All of 

these models involved shifts in the ω parameter, and the model set included one model 

with two different ω parameters that was more consistent with the early inactivation 

model and one that was more consistent with late inactivation. This allowed us to put 

the branch length heuristic in more rigorous framework. The best-fitting model based 

upon the AIC was the two-ω early inactivation model. However, the alternative model 

was not excluded from the 95% credible set of models. Nonetheless, the early 

inactivation model is better supported by the estimates of the ω parameter from other 

alternative models. Taken as a whole, the majority of the data suggest an early 

inactivation. 

Anole Ant2 Is Not on a Heterogametic Sex Chromosome 

We have previously hypothesized that mammalian Ant4 genes may have been 

conserved to compensate the loss of X-linked Ant2 (Slc25a5) gene expression during 

male meiosis. Of interest, anole lizards are considered male heterogametic reptiles, 

having XY chromosome differentiation [62,63]. Thus, we thought that the anole Ant2 

gene might also be localized on the X-chromosome. Since chromosomal localization 

data are not available for a number of green anole genes, here we determined relative 

copy numbers of genes between male and female animals by quantitative genomic 

DNA PCR (Figure 2-5). First, in order to verify the methods, we compared dosages of 

the Ant2 genes in male and female mice. When compared to the control β-actin gene, 

relative copy number of the X-linked Ant2 gene was approximately double in female 

mice when compared to male mice. In contrast, dosage of the autosomal Ant4 gene 

was similar between male and female mice. These indicate that the method is valid. 

When we applied the method to anole lizard, relative copy number ratios were 
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approximately one for all Ant genes, including Ant2. Indeed, multiple primer sets were 

used to confirm the results for the Ant2 and Ant4 genes. Similarly, relative copy number 

ratio between male and female were examined for Slc25a43, another gene encoding a 

solute carrier protein that is located right next to Ant2 gene in syntenic region of both the 

mouse and the anole genome. As seen with the Ant2 gene, relative copy number ratio 

of the Slc25a43 gene in female/male were approximately two in mice but approximately 

one in anole (Figure 2-5B). Taken together, these data indicate that anole Ant2 gene is 

located not at a heterologous region of X chromosome, but either at autosomes or the 

pseudoautosomal regions of the anole X and Y chromosomes. 

We previously demonstrated that the promoter region of murine Ant2 gene is 

partially methylated at CpGs in female somatic tissues. This is due to somatic X-

chromosome inactivation of one allele in female. Here we examined CpG methylation of 

the promoter region of Ant2 gene in male and female tissue samples of anole lizards 

and mice. As we previously described, the murine Ant2 promoter was unmethylated in 

male, whereas female  showed hypermethylation of the Ant2 promoter among 

approximately half samples examined (Figure 2-6). In contrast, the anole Ant2 promoter 

was largely unmethylated in both male and female livers. These data are consistent with 

the idea that Ant2 is localized at autosomes or undifferentiated regions of sex 

chromosomes in anole lizard. 

Discussion 

Previously we described that the emergence of Ant4 occurred at least 150 million 

years ago [25], based on the conservation of the gene in both eutherian and 

metatherian mammals. Here we demonstrated that anole lizard has an authentic Ant4 

ortholog based upon a number of criteria, including phylogeny, intron-exon structure, 
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synteny, and patterns of gene expression. Further, degenerate DNA fragments of a 

putative Ant4 pseudogene were identified in the syntenic region of avian genomes. 

These indicate the presence of the Ant4 gene in the common amniote ancestor. This 

indicates that origin of the Ant4 gene clearly predates the divergence of mammals and 

reptiles, more than 300 MYA. 

Phylogenetic analyses suggest that the gene duplication that led to the Ant4 

lineage and the Ant1, 2, and 3 lineage may actually be much more ancient than the 

origin of amniotes. A number of invertebrate lineages were nested within the diversity of 

vertebrate Ant genes (Figure 2-2A), a topology similar to the estimate of phylogeny 

obtained by Brower [25]. However, there are a number of reasons that one can obtain 

an incorrect estimate of phylogeny [47,48], and the branch length heterogeneity evident 

in the large-scale animal Ant tree is a major cause for concern (especially for the 

Brower [25] tree that was based upon NJ of protein distances that were corrected by the 

Kimura [64] formula). To address concerns regarding the phylogeny we used ML with 

the best fitting model (Γ) to estimate the tree for this study, addressing the issue of 

model adequacy. We also examined two sets of sequences, one of which excluded the 

divergent outgroups and other long branches (Figure 2-2B) because divergent 

sequences can act as “rouges” that can distort the topology [59,60,65]. His estimate of 

phylogeny appeared quite robust to the inclusion of different sets of taxa, although the 

exclusion of divergent sequences did appear to improve the estimate of phylogeny. 

Specifically, the topology for both the Ant1 and Ant3 subgroups were more congruent 

with the species tree (e.g., analyses of the large taxon sample placed the root within 

tetrapods whereas analyses of the smaller taxon sample placed it between fish and 
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tetrapods, with the latter being more likely to be correct). Significantly, we found a 

higher degree of bootstrap support for the clade including vertebrate Ant4 and tunicate 

Ant4-like sequences when the more limited taxon sample was analyzed, consistent with 

our hypothesis that Ant4 group is the result of an ancient duplication. 

It is clear that all estimates of Ant phylogeny demand a number of duplications 

and losses to reconcile them with the animal tree of life. Some of the observed 

incongruence between expectation based upon the species tree and the estimates of 

Ant phylogeny may reflect the lack of power associated with relatively short protein 

sequences [66]. Indeed, fairly long sequences can be necessary to have a high 

probability of obtaining an accurate estimate of phylogeny [67,68]. In addition to issues 

associated with the power of phylogenetic analyses to distinguish among alternative 

trees, the observed branch lengths heterogeneity (Figure 2-2) suggests that the 

patterns of evolution for Ant genes have undergone substantial changes during animal 

evolution. More specifically, the branch length for the Ant4 group are somewhat longer 

than those for the Ant1, 2, 3 group, suggesting that the latter group has retained more of 

the ancestral functions of animal Ant proteins. Indeed the distance between the anole 

and human Ant4 (0.3608 amino acid substitutions per site, based upon patristic 

distances calculated from the tree in Figure 2-2B) indicates that the rate of amino acid 

evolution was approximately 2.4-fold faster for the product of the Ant4 than it was for the 

Ant1, 2, and 3 gene products (the mean anole-human distance for the Ant1-3 group was 

0.1484 amino acid substitutions per site). It remains possible that these changes in the 

patterns of evolution for Ant gene may also have had an impact upon the estimate of 

Ant phylogeny, although the heterogeneity does not appear so extreme as to radically 
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alter our conclusions regarding the evolution of the vertebrate Ant gene family. The 

basis for the higher rate of nonsynonymous sequence evolution evident in the Ant4 

group is unclear, although it is known that genes with sex-biased expression often 

exhibit higher rates of evolution [69]. The basis for the observed rate differences for sex-

biased genes are complex [70], but it is important to note that our observation that Ant4 

exhibits a higher rate of evolution is consistent with a role for this gene in male 

reproduction in various amniotes. Alternatively, the higher rate of Ant4 evolution may 

reflect changes in selection unrelated to sex-biased expression, either the relaxation of 

purifying selection, the action of positive section having acted upon Ant4, or both 

phenomena. Indeed, when the branch length heterogeneity observed in our Ant trees 

(Figure 2-2) is combined with the evidence for the action of natural selection upon other 

mitochondrial proteins [71,72] that various Ant proteins have been subject to episodes 

of positive selection during animal evolution. Regardless of the specifics, both 

hypotheses regarding Ant4 (relaxed purifying selection or positive selection) are 

consistent with the idea that Ant4 has undergone a shift in function. Pseudogenes 

exhibit relaxed selection on nonsynoymous sites after the relaxation of purifying 

selection, and ω is expected to approach one after a period of time [73]. Although the 

fact that the ML estimates of ω for the birds were less than one (ω = 0.5146 for exons 1 

and 2 and ω = 0.3921 for exon 2 alone) might seem more consistent a relatively recent 

gene inactivation it is important to note that the confidence interval on estimates ω after 

the relaxation of purifying selection tends to be quite wide [73]. Instead, the best-fitting 

models suggest that the relaxation of purifying selection upon Ant4 in birds occurred 

substantially earlier than the Passeriformes-Galliformes divergence at least 87 MYA 
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[67]. It will be of interest to determine whether a functional Ant4 gene is present in any 

other extant archosaurs (birds and crocodilians) and whether there are any phenotypic 

correlates of the Ant4 gene loss. The present study also urged us to reconsider our 

original hypothesis that was based upon the conservation of Ant4 only in mammals, 

since it is clearly present both in mammals and anole lizards. Based on the unique 

chromosomal localization pattern of the Ant genes as described in Introduction, we 

originally hypothesized that the conservation of Ant4 is driven by the sex chromosomal 

localization of the Ant2 gene and the subsequent inactivation of the Ant2 gene during 

male meiosis in mammals. When we identified the authentic Ant4 ortholog in anole 

lizard, we had first expected that the anole Ant2 gene might be localized to its sex 

chromosome as well, which would strengthen the “compensation” hypothesis. Among 

reptiles that have various sex determination systems, anoles are considered to have 

male heterogametic sex determination as mammals [62,63]. Although the scenario was 

rather unlikely since sex chromosomal differentiation has been presumably developed 

independently in mammals and reptiles after the bifurcation of the two species, it is 

possible that the Ant2 gene can be localized to sex chromosomes in both mammals and 

anoles by chance. Of interest, an Ant gene homolog was isolated from heteromorphic 

sex chromosomes in Japanese frog Rana rugosa [74], an unusual species where 

different populations have three distinct types of sex chromosomes (homomorphic XY 

chromosomes, heteromorphic XY chromosomes, and heteromorphic ZW 

chromosomes). Although the gene was originally annotated as Ant3 in the report [74], it 

actually shows greater sequence identity to Ant2 than Ant3 (91% and 88% to human 

Ant2 and Ant3, respectively). Placement of the Rana rugosa sequences using 
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phylogenetic criteria was more equivocal, since they formed a clade with putative 

Xenopus Ant3 ortholog (data not shown). However, the putative Xenopus Ant3 

sequence was placed either within fish (Figure 2-2) or sister to fish (when the Rana 

sequence was added); this topology suggests either a local rearrangement in the tree 

(probably due to the relatively short length of the Ant sequences) or additional gene 

duplications and losses. The absence of bootstrap support for separating Ant2 and Ant3 

(Figure 2-2) is consistent with the first hypothesis, which postulates that the relevant 

branches in our estimate of phylogeny are rearranged relative to the actual evolutionary 

history. Regardless, it is clear that the sex chromosomal localization of a member of the 

Ant2/3 group is not unique to mammals. There could be a yet unidentified common 

mechanism or reason why members of this subgroup of Ant genes have a higher 

probability of moving to a sex chromosome after their origin. However, it should be 

noted that Ant2 gene localizes at the autosomes in birds (chicken and zebra finch); thus 

the sex linkage of Ant2 is not a universal phenomenon in vertebrates.  

Chromosome maps are not completed to date for Anolis carolinensis, making it 

difficult to determine whether or not the anole Ant2 gene is localized at sex 

chromosome. Instead here we investigated relative gene dosages of the gene between 

females and males. In mice, dosages of Ant2 gene as well as its neighbor Slc25a43 

gene were approximately 2:1 between females and males, consistent to the fact that 

those genes are localized at heterologous regions of X chromosomes. In contrast, in 

anoles, both Ant2 and Slc25a43 genes dosages were 1:1 between females and males. 

These data indicate that the Ant2-Slc25a43 region is not likely on a heterologous region 

of the sex chromosomes. One of two X chromosomes in the somatic cells of female 
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mammals is known to be inactivated accompanying CpG methylation. Indeed, we 

previously showed that the mouse Ant2 gene was partially methylated in females but 

not in males [75]. Here, we demonstrated that anole Ant2 gene was unmethylated 

equally both in females and males, which is consistent with the idea that Ant2 gene is 

not on the anole X chromosome. It should be noted, however, that there is no 

information available regarding the mechanism (or even the existence) of dosage 

compensation for sex-linked genes in anoles. Thus, it is unclear whether X 

chromosomes undergo methylation and/or inactivation in anoles that is similar to the 

dosage compensation mechanism in mammals, although it is known that reptilian 

genomes typically have comparable a CpG methylation ratio comparable to that of other 

amniotes [76]. Although a definitive conclusion regarding the chromosomal location of 

Ant2 in Anolis carolinensis will require an improved anole genome assembly, our 

present data suggest that the Ant2 gene is not likely localized to a heterogametic sex 

chromosome in anoles. 

Our results imply the conservation of Ant4 may not be simply driven by the sex 

chromosomal localization of Ant2 gene and its subsequent inactivation during male 

meiosis. Importantly, our data suggest that testis specific expression of Ant4 existed 

prior to and is independent of the sex chromosome linkage of the Ant2 gene in 

mammals. This prompted us to speculate that Ant4 has been functioning originally in 

testicular germ cells and sperm, in the amniote ancestor and potentially even earlier in 

evolutionary phylogeny. The degeneration of Ant4 in birds indicates that this Ant paralog 

is unnecessary for the development of testicular germ cells in this lineage. To this end, 

one alternative hypothesis could be that Ant4 plays a critical additional role during 
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spermatogenesis and/or in sperm function. This role would be shared by specific groups 

of organisms such as mammals and anoles (and probably by at least some other 

squamates) and absent in other groups of organisms, such as birds. Likewise, the 

absence of Ant4 orthologs in the frog genome and all teleost fish genomes suggest it is 

absent from these lineages as well, and the existence of multiple fish genome 

sequences strongly suggests this absence is real rather than a problem with the 

completeness (or assembly and annotation) of the available draft genome sequences. 

Our phylogeny implies that the duplication leading to Ant4 lineage predates the origin of 

vertebrates, indicating that the absence of Ant4 in this lineage is also likely to reflect 

gene loss. The loss of Ant4 in birds and fish could reflect the relaxation of selection on 

this paralog or the existence of a specific advantage linked to the loss of this gene, 

since some evolutionary innovations can be linked to gene loss [77]. Regardless, it 

seems clear that conservation of Ant4 in anoles and mammals cannot be explained by 

the simplest version of the compensation theory, which postulates selection to retain the 

Ant4 gene after duplication reflects a need to compensate for the loss of Ant2 

expression during male meiosis in mammals. Instead it suggests that vertebrate Ant4 

orthologs may have additional specific functions associated with male gametes prior to 

the need for compensation. 
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Figure 2-1. Anole lizard has orthologs of the Ant1, 2, 3, and 4 genes. (A) The schematic 

diagram from the Ensemble database shows the configuration of the genes 
encoding Ant proteins in human and anole lizard. Exons and introns are 
shown as black boxes and lines, respectively. Numbers represent the amount 
of amino acid sequence identity that the products of each Ant gene in the 
human and anole lizard exhibit. (B) Alignment of the inferred amino acid 
sequences of the products of the Ant1, 2, 3, and 4 genes in mammals 
(human, cow, mouse) and reptile (anole lizard). Ant amino acid sequences of 
the selected species were aligned using ClustalW2. Amino acids sequence 
surrounding a signature motif of in the Ant4 protein (RRRMMM) and the N- 
and C-terminal parts of the proteins are shown. Amino acid residues are 
numbered from the initiation codon (M) to the termination codon in each Ant 
protein. 
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Figure 2-2. The maximum-likelihood (ML) estimate of Ant phylogeny supports an 

ancient origin of Ant4. (A) Large scale phylogeny of animal Ant homologs 
obtained by ML analysis of amino acid sequences using the LG+Γ+F model of 
evolution. Support based upon 500 bootstrap replicates is shown as a 
percentage adjacent to the relevant branches when it exceeds 50%. This 
phylogeny included a fungal (Saccharomyces cerevisiae) outgroup, and the 
root of the tree was assumed to lie between fungi and the animal-
choanoflagellate clade (the latter group is represented by Monosiga 
brevicollis). This phylogeny suggests a number of ancient gene duplications, 
one of which led to a “core group” that includes the vertebrate Ant homologs. 
(B) Phylogeney of the “core group” obtained using the same model. Support 
based upon 500 bootstrap replicates is shown as a percentage adjacent to 
the relevant branches when it exceeds 50%; support for some clades within 
well-supported groups (e.g., branches within teleost fish) was omitted in the 
interest of simplicity. Analyses using this more limited taxon sample were 
conducted to test the possibility that the position of Ant4 was influenced by 
the inclusion of divergent sequences. The position of Ant4 was robust to the 
taxon set analyzed; in fact, the bootstrap support for an ancient origin (the 
Ant4-tunicate clade) increased for the smaller taxon sample. 
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Figure 2-3. Anole Ant4 is specifically expressed in testis. Ant1, 2, 3 and 4 gene 

expression in heart, liver, and testis of anole lizard was examined by qRT-
PCR. Ant mRNA amounts were normalized based upon the expression of the 

-actin mRNA. Error bars indicate standard deviations of triplicate samples. 
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Figure 2-4. Degenerate DNA fragment of putative Ant4 gene in the syntenic region of 

chicken genome. (A) The syntenic region that includes Ant4 in the human, 
anole lizard and chicken genomes. The schematic diagram shows Ant4 (red 
boxes) with chromosomal location flanked by neighboring genes (blue boxes). 
Translated amino acid sequence of degenerate DNA region of the putative 
Ant4 gene loci in chicken genome was aligned with amino acid sequence of 
Ant4 of human and anole lizard. The asterisk in the chicken sequence is a 
stop codon; additional inactivating mutations include a 2-bp frameshift 
between nucleotide that would encode the D and K at the end of the chicken 
sequence and a stop codon immediately after the K. (B) Vertebrate phylogeny 
showing approximate divergence times (in millions of years before present) 
and the expected changes in ω (see text for definition) for the early and late 
inactivation models. (C) Phylogeny with branch lengths reflecting numbers of 
synonymous and non-synonymous substitutions. The light gray lines are 
included to make it easier to identify the taxon associated with each terminal, 
they have no biological significance. 
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Figure 2-5. Gene dosage analysis in female and male. Relative copy number ratio of 

Ant1, 2, 3 and 4 genes and Slc25a43 gene in male and female animals were 
examined by quantitative PCR analysis of genomic DNA of anole lizard and 

mouse. PCR amplification was normalized to the control -actin gene. Error 
bars indicate standard deviations of three independent experiments. (A) 
Relative gene dosages of the Ant 1, 2, 3 and 4 between female and male in 
anole lizard and mouse. The result was confirmed with two different sets of 
primers for anole Ant2 and Ant4 genes. (B) Relative gene dosage of the 
Slc25a43 between female and male in anole lizard and mouse. The Slc25a43 
gene localizes adjacent to the Ant2 gene in both anole and mouse genome 
(left panel). 
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Figure 2-6. CpG methylation of the anole and mouse Ant2 genes. The CpG methylation 

of the Ant2 gene promoter regions in female and male of anole lizard and 
mouse was examined by a bisulfite sequencing analysis. The schematic 
diagrams show CpG islands in the Ant2 gene promoter regions examined in 
anole lizard and mouse. Each row of the circles represents an individual clone 
of a PCR amplicon in bisulfate sequencing analysis.
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CHAPTER 3 
TRANSGENE ANT4 EXPRESSION DOES NOT RESTORE THE IMPAIRED 

SPERMATOGENESIS IN ANT4 NULL TESTIS 

Background 

In the mouse genome, Ant4 localizes on chromosome 3 and Ant2 is linked to the 

X chromosome. The autosomal localization of Ant4 implies it may play a possible 

compensatory role for Ant2 repression in germ cells during male meiosis when 

unsynapsed XY sex chromosomes are silenced by meiotic sex chromosome 

inactivation (MSCI) [1, 2]. MSCI is the process of transcriptional silencing of the sex 

chromosomes that occurs during the meiosis in species which have a heterogametic 

sex determination mechanism. During meiosis, homologous chromosomes (autosomes) 

pair, synapse and exchange genetic material by homologous recombination. However, 

for sex chromosomes, for example, X and Y chromosomes do not pair except for their 

pseudoautosomal region. This lack of pairing induces meiotic silencing in unsynapsed 

chromatin. Indeed, Ant4 and Ant2 transcript levels measured by real-time PCR showed 

that Ant4 is actively expressed while Ant2 is repressed in germ cells during male 

meiosis [25].  

Interestingly, our anole Ant4 study (Chapter 2) did not support the compensatory 

role of Ant4, as we showed Ant4 is exclusively expressed in testis even though Ant2 is 

not localized on the X chromosome. Rather, this finding implies that Ant4 performs a 

specialized function in spermatogenesis and/or sperm. To prove this, we forcefully 

expressed Ant2 in Ant4 deficient testis using a bacterial artificial chromosome (BAC) 

transgenic approach. BAC is an engineered DNA fragment with a length of several 

hundred kilo-base pairs including long range cis-regulatory elements required for 

correctly regulated gene expression [78]. BACs have been increasingly used for 
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transgenesis because it allows for comparable transgene expression to its endogenous 

counterpart and displays resistance to positional effects compared to shorter transgene 

constructs [79]. Moreover, BACs can be easily and genetically manipulated by 

recombination-mediated genetic engineering (recombineering) [80]. During 

recombineering, a defective  prophage is integrated into the bacterial genome. The 

expression of recombination proteins exo, bet, and gam is regulated by the PL promoter 

and temperature-sensitive repressor Cl857. The PL promoter is repressed by the Cl857 

repressor at 32oC and activated at 42oC when the repressor is deactivated. Thus, 

unwanted recombination can be prevented by the control of temperature. Moreover, the 

recombination is highly efficiently achieved with short homology arms (50bp arm for a 

1kb fragment). 

In the current study, transgene Ant2 and Ant4 expressing mice were generated 

by genetically manipulated BACs of two different lengths, ~168 and ~139kbps. The 

transgenic mice were mated with Ant4 ko mice to generate transgene Ant2 and Ant4 

expressing mice on an Ant4 null background. In the Ant4 tg mice used as a control, 

transgene Ant4 expression and the phenotype of tgAnt4+; Ant4-/- testis were examined.  

Materials and Methods 

Mouse Husbandry 

Mice were bred and maintained on a 12hr light/dark cycle and given ad libitum 

access to food and water. All in vivo experimental procedure carried out in the study 

were approved by the Institutional Animal Care and Use Committee at the University of 

Florida.  

Generation of BAC Transgenic Mice 

Transgenic constructs and targeting of BAC DNA  
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Two BAC clones including the Ant4 locus, RP24-324D19 (~168kbps) (CHORI-

USA) and bMQ363n10 (~139kbps) (Source Bioscience) were genetically manipulated 

for the generation of BAC Ant4-IRES-GFP and BAC HA-Ant4 transgenic mice, 

respectively. RP24-324D19 (~168kbps) has 50kbps upstream and 101kbps 

downstream of Ant4  and bMQ363n10 (~139kbps) has 58kbps upstream and 64kbps 

downstream of Ant4. First, each transgenic construct was generated in pCR2.1-TOPO 

(Invitrogen) vector for the genetic modification. For BAC Ant4-IRES-GFP tg mice, the 5’ 

homologous arm which is 1kbp upstream from the ATG initiation site of the Ant4 gene 

and the Ant4 cDNA sequence flanked by loxP sites were fused by PCR and introduced 

into the pCR2.1-TOPO vector. IRES-GFP cassette, SV40 polyadenylation (pA) signal 

and kanamycin resistance gene cassette flanked by FRT sequences, were then 

inserted downstream of the Ant4 cDNA sequence. Lastly, the 3’ homologous arm, which 

is 1kbps downstream of exon 1 of the Ant4 gene, was introduced downstream of the 

kanamycin resistance gene cassette (Figure 3-1A). For BAC HA-Ant4 tg mice, the same 

construction steps were performed except that Ant4 cDNA with an HA tag was fused 

with the 5’ homologous arm (1kbp) by PCR and the fused product was introduced into 

the TOPO vector without an IRES-GFP cassette (Figure 3-6A). 

To recombine the transgenic constructs with BAC DNAs, E. coli strain EL250 

which can produce recombination proteins by heat shock at 42oC and flippase under 

0.1% L-arabinose was used for recombineering. The recombineering was performed as 

described by the Frederick National Laboratory for cancer research 

(http://ncifrederick.cancer.gov/research/brb/recombineeringInformation.aspx). Briefly, 

each BAC DNA was transformed into EL250 by electroporation and selected on 

http://ncifrederick.cancer.gov/research/brb/recombineeringInformation.aspx
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chloramphenicol (12.5ug/ml) containing plates. After overnight culture at 32oC in 5ml of 

low salt containing Lysogeny broth (LB) medium, the selected BAC DNA containing 

EL250 was incubated for 15min at 42oC for activation of homologous recombination 

proteins. After immediate cooling on a wet ice, the EL250 strains were washed with ice-

cold water then each transgenic construct was transformed into the corresponding BAC 

DNA containing EL250 strains by electroporation and screened on kanamycin (50ug/ml) 

containing plates. After 2-3day culture, several clones were picked up to screen 

transformants for recombineered BAC DNAs. To screen for recombineered BACs, 

genotype was checked by PCR (WT Ant4: 5’-GCTGTGCACTGATTGAGCAT, 5’-

TGTCAACGTCACCTCCTCTG and Tg Ant4:5’-GCTGTGCACTGATTGAGCAT, 5’-

TGCCACGCCAATAACTTAAA and thermocycling condition: 95oC for 5min and 

35cycles at 95oC for 30sec and 55oC for 30sec and 72oC for 45sec and 72oC for 10min) 

and the positive clones by PCR were confirmed by Southern blot analysis with a DIG-

labeled DNA probe. To confirm the integrity of the recombineered BAC DNAs, 

restriction patterns of the BACs were compared to that of the corresponding original 

BACs using EcoRI. 

To remove the kanamycin resistance gene cassette, clones were first cultured 

overnight at 32oC in 5ml of medium. Next, they were incubated for 1hr in 0.1% L-

arabinose containing medium to induce flippase expression. Afterwards, they were 

spread on chloramphenicol containing plates. After 2-3days, several clones were 

isolated and checked by PCR and Southern blot analysis to confirm cassette deletion. 

The selected clones were cryopreserved at -80oC until further processes. 

Purification of the targeted BACs 
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The targeted BACs were purified by Cesium Chloride (CsCl) density gradient 

centrifugation for pronuclear injection. To amplify BAC DNAs, BACs were cultured 

overnight at 32oC in 3ml of low salt containing LB medium. The next day, 1ml of the 

starter volume was inoculated into 1.5L of low salt LB followed by overnight culture at 

32oC. Next, the cultures were collected and lysed to extract the amplified BAC DNAs. 

The extracted BAC DNAs were precipitated by adding 100% ethanol and spun down at 

10,000rpm for 10min. The resulting pellets were washed with 70% ethanol then air-dried 

at 37oC. For rehydration, 8ml of Tris-EDTA (TE) buffer with RNase was added. 

To carry out CsCl density gradient centrifugation, CsCl was dissolved in the BAC 

DNAs/TE mixture in order to make a final concentration of 1.55g/ml. Next, the 

BACs/TE/CsCl mixture was divided into 2 ultracentrifuge tubes (Beckman) and 100ul of 

ethidium bromide (10mg/ml) was added to each tube to visualize the BAC DNAs. Three 

consecutive ultracentrifugations were performed with an NVT-90 fixed angle rotor at 

25oC: 1) 55,000rpm overnight, 2) 78,000rpm for 4hrs, and 3) 55,000rpm overnight. After 

each ultracentrifugation, red bands (DNA) were extracted using an 18gauge needle and 

were transferred to a new ultracentrifuge tube. The tube was filled with pre-made 

1.55g/ml TE-RNAse solution. 

After the third ultracentrifugation, the red bands (~1.5ml) were collected into a 

15ml tube and combined with salt-water saturated butanol to remove the ethidium 

bromide from the purified BAC DNA solution. 2ml of butanol was added to the BAC 

DNA solution and mixed by inverting. The tube was placed upright for a few seconds 

until the aqueous layer (bottom) separated from the butanol layer (upper). Next, the 
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upper butanol layer was removed and 2ml of butanol was added to the tube again. 

These steps were repeated until the lower BAC DNA solution was completely clear. 

To extract CsCl from the purified BAC DNA solution, dialysis was performed. The 

BAC DNA solution was transferred into a dialysis tube (MWCO 12,000-14,000, 

Spectra/Por) and two consecutive dialyses were performed. For the first, the dialysis 

tube was immersed with gentle stirring in 1L of injection buffer (10mM tris pH 7.5, 

0.1mM EDTA, 100mM NaCl) for 7hrs. The tube was then transferred into 3L of fresh 

injection buffer and stirred overnight at 4oC. The next day, the CsCl free BAC DNA 

solution was transferred into a microtube and the concentration was measured by a 

spectrophotometer (Synergy HT Multi-Mode Microplate Reader, BioTek). Finally, the 

purified BAC DNAs was stored at -80oC until pronuclear injection. 

Pronuclear injection 

The BAC DNAs were injected into 200-300 embryos obtained from B6D2F1/J 

(C57BL/6JXDBA2J) at the Mouse Model Core in the Department of Animal Care 

Services at the University of Florida. The BAC injected embryos were implanted to 

recipient mice. After 6 weeks, tail snips from new born mice were collected and 

genotyped by PCR as described in the section of “Transgenic constructs and targeting 

of BAC DNA” to select transgenic founders. 

Histology and Immunohistochemistry 

Testes were collected from 6 week or 14 week old mice, washed in PBS and 

fixed overnight in 4% paraformaldehyde in PBS. The next day, the testes were washed 

with PBS, dehydrated in 70% ethanol, infiltrated and embedded in paraffin. The paraffin 

embedded testes were cut into 5um slices and the sections were placed on glass slides 

and dried until further staining. For immunohistochemistry, HA-tagged Ant4 was 



 

54 

visualized using an anti-HA tag antibody (1:400, rabbit, Cell Signaling Technology) and 

VECTASTAIN Elite ABC kit (Vector Lab) according to manufacturer’s instructions. 

Briefly, the paraffin sections were deparaffinized in xylene and hydrated through an 

ethanol series and water. After heat-induced epitope retrieval (DAKO), pre-blocking was 

carried out by treatment with Peroxo Block (Invitrogen) for 45seconds, goat serum for 

20min, and with the Avidin/Biotin Blocking Kit (Vector Lab) sequentially, according to 

manufacturer’s instructions. After overnight incubation with the anti-HA-tag antibody, the 

sections were incubated for 30min with a biotinylated secondary antibody then for 

30min with ABC reagent. Finally, HA-tagged Ant4 was visualized by the perxosidase-

diaminobenzidine (DAB, Vector Lab) reaction. After rinsing in water, the sections were 

mounted and observed under the microscope (Olympus IX70). All staining steps were 

performed at room temperature (RT) except for the incubation with HA-tag antibody at 

4oC. 

GFP Expression  

The extracted testes were fixed overnight in 4% paraformaldehyde in PBS. The 

next day, the tissues were washed three times with PBS and incubated at 4oC in 30% 

sucrose in PBS. After overnight incubation, the tissues were embedded in Optimal 

Cutting Temperature (OCT, Tissue-Tek) compound on dry-ice, cut into 10um slices, and 

placed on glass slides. The slides were rinsed with PBS and stained with DAPI (4',6-

diamidino-2-phenylindole) for 10 min. After rinsing with PBS, the slides were covered 

with cover glass and anti-fading mounting medium (Vector labs) and observed under 

the microscope (Olympus IX70).  
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β-Galactosidase Staining 

Postnatal testes were collected at P7, P15, P21 and P68 and fixed overnight in 

0.2% paraformaldehyde in PBS at 4oC. The next day, the fixed testes were washed 

3times for 10min with concentrated rinse buffer (0.1M sodium phosphate [pH 7.4], 0.1% 

sodium deoxycholate, 2mM MgCl2, 0.2% NP-40). Samples were developed overnight 

without light in staining solution (1mg/ml X-Gal in DMF, 5mM K3Fe(CN)6, 5mM 

K4Fe(CN)6, in concentrated rinse buffer). Samples were then washed 3 times in PBS for 

10min and placed in 4% paraformaldehyde in PBS for 1hr to stop the staining reaction. 

After the fixation, the testes were stored in PBS at RT until further process.  

RNA Isolation 

Total RNA was isolated from a variety of murine tissues as shown in Figure 3-1B 

using the RNAqueous Kit (Ambion) according to the manufacturer’s instructions. 

Genomic DNA contamination during the RNA isolation was removed using the TURBO 

DNA-freeTM Kit (Ambion). Complementary cDNA was synthesized from the total mRNA 

by reverse transcriptase and random primers using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) under the following thermocycler conditions: 

25oC for 10min, 37 oC for 120min, and 85oC for 5sec.  

qRT-PCR 

The qRT-PCR was performed using Taqman Gene Expression Master Mix for 

the Ant4 and -actin expressions and Power SYBR Green PCR Master Mix for the 

Sycp3 expression (Applied Biosystems) under the following conditions: 95oC for 10min 

and 40cycles at 95oC for 15sec and 60oC for 1min. The levels of transcripts in each 

tissue were normalized to the housekeeping gene, -actin and relatively quantified by 
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the 2-Ct method. Template equivalent to 2.5ng of total RNA was used for the 

amplification and each reaction was performed in triplicate. The primer sets used were: 

An4:Taqman probe (Mm00617754_m1, Applied Biosystems), Sycp3: 5’-

GCAGCAGTGGGAACTGGATA and 5’-TTCATTCTCTGGCTCTGAACAA, -actin: 

Taqman probe (4352341E, Applied Biosystems ) 

RT-PCR 

cDNA equivalent to 2.5ng of total RNA was used for the PCR (5 Prime Taq DNA 

polymerase, 5 Prime) under the following conditions: 95oC for 2min and 30-35cycles at 

95oC for 30sec, 55oC for 30sec, and 72oC for 45sec. For electrophoresis, 2% agarose 

gel was used. The primer sets used were: GFP: 5’-TGGCTCTCCTCAAGCGTATT and 

5’-GAACTTCAGGGTCAGCTTGC, Actin: 5’-ATGGATGACGATATCGCTG and 5’-

ATGAGGTAGTCTGTCAGGT 

Western Blotting 

Protein was extracted using standard RIPA buffer (50mM Tris-Cl [pH 8], 150mM 

NaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS)with proteinase inhibitor cocktail 

(Sigma) and denatured at 95oC for 10min. After electrophoresis, immunoblotting was 

performed with anti-Ant4 (1:5000, self generated) and anti-Actb (1:5000, Santa Cruz 

Biotechnology Inc.). Then, the Ant4 band was normalized to the Actin band in an 

exposed film using GeneTool software (SynGene). 

Results 

BAC Transgenic Ant4 Promoter Achieves Comparable Gene Expression 
Specificity to Endogenous Ant4 in Mice. 

In order to test if the Ant4 promoter can provide meiosis specific expression of 

transgenes, we initially introduced a GFP reporter gene under the promoter of Ant4 in a 
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BAC construct. The structure of a long BAC transgenic (tg) construct(~168kbps) 

including the upstream promoter region (~50kbps)of the Ant4 gene is illustrated in 

Figure 3-1A. An IRES-GFP cassette was inserted between Ant4 cDNA and SV40 

polyadenylation signal sequences to trace the transgene expression. After pronuclear 

injection of the BAC Ant4-IRES-GFP tg construct, one male and one female founder 

were obtained with an overall success rate of 18% (2 out of 11) in generating transgenic 

mice, but the BAC transgene was not germ-line transmissible in the female founder. 

Thus, the male was used to expand the BAC Ant4-IRES-GFP transgenic line. 

We and others previously demonstrated that Ant4 is exclusively expressed in 

testis [5,19]. Within the testis, Ant4 transcript levels increase through leptotene and 

zygotene meiosis stages of spermatocytes, reach a peak in early pachytene 

spermatocytes, and then decrease in late pachytene spermatocytes and round 

spermatids. Expression is very low in Sertoli cells [25]. In Figure 3-1b, we confirmed that 

expression of Ant4 transcript was only detected in testis but not in other somatic tissues 

as seen with another meiosis-specific gene Sycp3, a structural component of 

synaptonemal complex. Consistently, the BAC Ant4 promoter driven-GFP transcript was 

found by RT-PCR only in testis of BAC Ant4-IRES-GFP tg mice (Figure 3-1C). Further, 

GFP expression was examined in cryosectioned samples of eight different tissues. As 

shown in Figure 3-2, only testis of the transgenic mice presented a significant increase 

in GFP expression beyond wild type controls. It should be noted that interstitial tissues 

between seminiferous tubules showed high autofluorescence in both wild type and 

transgenic testes. As shown in Figure 3-3, the increase in GFP expression in testis of 

the transgenic animal was apparent at lowest magnification (x4), where it was 
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expressed in seminiferous tubules but not in the vessels of transgenic testes. Higher 

magnification images revealed the GFP was expressed highly in spermatocytes and 

spermatids, whereas spermatogonia expressed GFP at a low level, indicating that the 

GFP expression pattern shown in BAC Ant4 tg testes is consistent with endogenous 

Ant4 expression we described previously [25] (Figure 3-3).  

In mice, male meiosis is initiated around P10 and preleptotene primary 

spermatocytes are differentiated from the type B spermatogonia [81]. As expected, GFP 

was not detected in type A intermediate and type B spermatogonia at P7 during mitotic 

proliferation. Expression was detected in primary spermatocytes located in the center of 

seminiferous tubules at P15, after the onset of meiosis in testes. By P21, GFP 

expression extended to newly formed spermatocytes along with developing testes. After 

sexual maturity, fully developed testes (P63) maintained high GFP expression in 

spermatocytes and spermatids and low expression in spermatogonia. To examine the 

similarity of GFP reporter expression  to endogenous Ant4 protein expression during 

development of postnatal testes, -galactosidase staining was performed in age-

matched postnatal testes of heterozygous Ant4 knockout males carrying one copy of 

the -galactosidase expression cassette [25]. We found BAC Ant4 promoter driven GFP 

expression was expressed in a similar manner to endogenous Ant4 promoter-driven -

galactosidase expression (Figure 3-4). Thus, we conclude the pattern and timing of 

gene expression driven by BAC Ant4 and endogenous Ant4 promoters is consistent 

during postnatal testis maturation. 
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BAC Transgenic Ant4 Promoter Achieves Comparable Gene Expression Levels to 
Endogenous Ant4 in Mice 

In the BAC DNA construct described above, the Ant4 coding sequence (cDNA) 

was also inserted under the translation initiation site (ATG) of the BAC Ant4 gene  to 

assess the level of transgene transcript and protein expression produced from the BAC 

Ant4 promoter compared to the endogenous Ant4 promoter (Figure 3-1A). Transcript 

and protein levels were measured by quantitative RT-PCR (qRT-PCR) and western 

blotting, respectively. Since primers for qRT-PCR and the antibody for western blotting 

detect both tg and endogenous Ant4 gene expression levels regulated by BAC Ant4 and 

endogenous Ant4 promoters can be directly compared. At the transcript level, total Ant4 

levels were approximately three-fold higher in tg testis when compared to the level of 

Ant4 in a non-transgenic control which is heterozygous for the Ant4 gene (Figure 3-5A). 

We also estimated using quantitative PCR of genomic DNA that one copy of the BAC 

Ant4 tg construct was likely integrated in the host genome (data not shown). This 

implies that in the transgenic line, transcription efficiency is approximately 2-fold higher 

for tg Ant4 compared to endogenous Ant4 expressed by one allele. 

Ant4 protein levels were quantitated by immunoblot analysis using serially diluted 

testicular lysates (Figure 3-5B). The density of protein bands were also measured using 

GeneTool software and Ant4 protein was normalized to -actin. When protein lysates 

were diluted sufficiently, an approximately two-fold increase in protein level was seen in 

tg testes compared to Ant4 heterozygous testes, although no difference was detected 

when higher amounts of total protein were loaded. Thus, in this particular transgenic line, 

tg Ant4 protein was expressed at approximately the same level as that expressed by 

one allele of endogenous Ant4 gene.  
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HA-tagged Transgene Ant4 Protein Shows More Precise Expression Pattern Of 
BAC Transgenic Ant4 Promoter 

In order to further examine the tg Ant4 expression pattern, we generated an 

additional BAC tg construct using ~138kbp BAC DNA. In this construct,the human 

influenza hemagglutinin (HA) sequence was inserted between the 5’UTR and the Ant4 

coding sequence, which allowed us to trace Ant4 expression by immunohistochemistry 

using an anti-HA antibody (Figure 3-6A). After pronuclear injection with the BAC HA-

Ant4 tg construct, one male and two females were identified as transgenic founders with 

a 20% success rate (3 out of 15). The male descendants from two female founders 

were used for immunohistochemical analysis because heterogeneous transgene 

expression was observed in the male founder line. During spermatogenesis, HA-tagged 

Ant4 expression was not detected or detected at a very low level in spermatogonia. The 

expression level was the highest in spermatocytes and similar or slightly less in round 

spermatids. Further, comparable to wt Ant4 protein, we observed that HA-tagged Ant4 

protein localized in the spermatozoon tail midpiece where mitochondria reside (arrow in 

the middle of Figure 3-6B). In addition, tg Ant4 expression was absent in Sertoli cells 

(inset in the bottom of Figure 3-6B) and interstitial tissues including Leydig cells 

although nonspecific binding of the antibody was detected in the interstitial tissues 

(Figure 3-6B). 

Transgenic Ant4 Localizes in Mitochondria of Male Germ Cells. 

Since Ant4 is a mitochondrial inner-membrane protein, we utilized 

immunostaining to examine whether tg Ant4 localizes in mitochondria of male germ 

cells from tgAnt4+; Ant4+/- mice generated by mating of BAC HA-Ant4 tg mice with 

Ant4 ko mice. Immunohistochemistry with an anti-HA tag antibody showed punctate 
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staining patterns similar to other mitochondrial proteins in spermatogenic cells of the 

seminiferous tubules (arrows in right panel of Figure 3-7A). For further confirmation, 

sperm were collected from cauda epididymis and a part of the ductus deferens and 

were stained with anti-Ant4 and anti-HA tag antibodies. As expected, Ant4 was 

observed in the midpiece of sperm where mitochondria reside (top in Figure 3-7B) and 

tg Ant4 was similarly localized. These data suggests that tg Ant4 localizes in 

mitochondria of male germ cells comparable to engodenous Ant4. 

BAC Ant4 Tg Mice Do Not Restore the Impaired Spermatogenesis When Crossed 
with Ant4-/- Mice 

In order to examine if tg Ant4 expression can recover impaired spermatogenesis 

in Ant4 null testis, tgAnt4+; Ant4-/- mice were obtained after mating of BAC Ant4-IRES-

GFP tg mice with Ant4 ko mice. Spermatogenesis was assessed by hematoxylin and 

eosin staining in testes from mice with four different genotypes: tgAnt4-; Ant4+/-, tgAnt4-

; Ant4-/-, tgAnt4+; Ant4+/- and tgAnt4+; Ant4-/-. Tg Ant4 expression did not disturb 

spermatogenesis in Ant4+/- testis (left panel in Figure 3-8). However, tgAnt4+; Ant4-/- 

testis still displayed abnormal spermatogenesis (right panel in Figure 3-8) although tg 

Ant4 expression level was sufficient to restore the defect in spermatogenesis (Figure 3-

5). As seen in tgAnt4-; Ant4-/- testis, spermatogonial stem cells which reside in the 

outermost layers of seminiferous tubules and some spermatocytes were found, but 

round and elongated spermatids and spermatozoa were not observed in tgAnt4+; Ant4-

/- testis, indicating that tg Ant4 expression cannot rescue the impaired spermatogenesis 

of Ant4-/- testis. These data were confirmed in tgAnt4+; Ant4-/- testis from BAC HA-

Ant4 tg mice (data not shown). 
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Discussion 

In the present study, BAC Ant transgenic mice were generated to examine 

whether Ant2 can compensate for the loss of Ant4 in testis. BAC Ant4 tg mice were 

used as a control. Transgene Ant4 expression was analogous to endogenous Ant4 

expression in pattern, level, and mitochondrial localization. However, unexpectedly, tg 

BAC Ant4+; Ant4-/- testes generated from mating BAC Ant4 tg mice with Ant4 ko mice 

still showed impaired spermatogenesis. This result was additionally confirmed in 

homozygote tg BAC Ant4+; Ant4-/- testes where tg Ant4 expression level is expected 

two-fold higher than hemizygote tg BAC Ant4+; Ant4-/- testes (data not shown). Thus, 

transgene expression may not be the cause of this issue. This suggests that impaired 

spermatogenesis in Ant4-/- testes may be affected by factors other than Ant4 deletion 

alone.  

One possible factor is downregulation of downstream genes in targeted Ant4 

locus. Previously, unexpected downregulation of downstream gene s in targeted ko 

studies have been described. In one such case, Braun and Arnold showed that 

expression of Myf-5, a downstream gene of Myf-6, decreased in homozygous Myf-6 

mutant mice [82]. In the study, the nucleotides -5 to +207 relative to the transcriptional 

initiation site of Myf-6 were replaced by the pgk-neo cassette in the sense orientation, 

resulting in the disruption of the Myf-6 gene expression. Unexpectedly, the Myf-5 gene 

was not detected by Northern blot analysis in Myf-6 null skeletal muscle. Therefore, a 

severe rib defect in Myf-6 null mice was most likely due to the drastically reduced 

expression of Myf-5, which has been previously reported [83]. The authors suggested 

two possible explanations for the issue. First, a cis-regulatory element for Myf-5 

expression is affected by the insertion of the pgk-neo cassette into the Myf-6 locus. 
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Second, Myf-5 expression may be regulated by Myf-6 directly, which acts as a 

transcription factor. In a followup study, it was proved using Myf-5+/-; Myf-6+/- mutant 

mice that the former was to the cause of this issue [84].  

Similar to the Myf-6 case, we found Hspa4l (Heat shock 70kDa protein 4L), a 

downstream gene of Ant4, expression was decreased 50% in the kidney of 

homozygous Ant4 null mice compared to wild-type mice. Expression could not be 

examined in Ant4-/- testes due to the lack of spermatogenic cells except for 

spermatogonia and some primary spermatocytes. Hspa4l which belongs to the HSP110 

heat shock gene family is expressed ubiquitously but predominantly in testis. 

Interestingly, the protein is highly expressed from late pachytene spermatocytes to 

spermatids like Ant4. In addition to the expression pattern, the deletion of the gene 

caused male infertility in approximately 42% of homozygous male mutants [85]. This 

phenotype is similar our Ant4 ko mouse phenotype although Hspa4l ko mice have a 

milder phenotype (100% infertility in Ant4-/- male mice). This suggests impaired 

spermatogenesis in Ant4 null testes may be affected by the reduced expression of 

Hspa4l. In our current study, the long BAC DNA included two downstream genes, 

Hspa4l and plk4. However, tg Ant4 expression with the expression of the two 

downstream genes did not restore impaired spermatogenesis of Ant4 ko testes even 

though transgene expression did not disrupt normal spermatogenesis (Figure 3-3). 

Thus, it remains to be clarified if further downstream gene expression in Ant4 locus 

beyond Hspa4l and plk4 contributes to the Ant4 ko phenotype.  

The other possibility is the effect of non-coding RNAs including long non-coding 

RNAs and small RNAs such as microRNAs and piRNAs during spermatogenesis [86]. 
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Testis-specific miRNAs have been identified in different developmental stages of germ 

cells using RT-PCR, microarray or small RNA sequencing. During spermatogenesis, 

miR-18 which belongs to the miR-17~92 cluster is highly expressed in spermatocytes 

and represses heat shock factor 2 (HSF2), a transcription factor, involved in 

embryogenesis and gametogenesis [87]. miR-425 and miR-191 are highly expressed in 

testis and downregulated in severe teratozoospermia [88]. Not surprisingly, the 

knockout of Dicer 1, an RNase III endonuclease required for the cleavage of pre-miRNA 

to generate miRNA, by Stra8-Cre in postnatal testes showed increased leptotene and 

zygotene spermatocytes and decreased spermatocytes in pachytene, diplotene and 

metaphase I stages, indicating early meiotic arrest during spermatogenesis. As a result, 

sperm number was dramatically reduced by 94%, resulting in male infertility [89]. To 

generate Ant4 ko mice, exons 2, 3, and 4 of Ant4 including surrounding introns were 

replaced by IRES-LacZ and pgk-neo cassettes. Although the removed regions may 

include potential miRNAs that are essential for spermatogenesis, BAC DNAs used in 

this study entirely cover the deleted areas, suggesting that miRNA expression is not 

likely altered except for mirtron. Mirtron is located in introns of mRNA and generated by 

splicing of the introns [90]. Ant4 cDNA with SV40 pA signal sequences was inserted 

downstream of the 5’ UTR of Ant4 in BAC DNA. In addition, splicing donor sequences 

(GU) close to the 3’ end of exon 1 was removed by insertion of the transgene construct 

in order to prevent the generation of a potential fusion protein. Thus, transcription does 

not occur beyond the pA sequences. Moreover, even though transcription occurs at a 

low level beyond the pA signal, splicing does not occur properly due to the removal of 

the splicing donor sequence. In sum, if there are mirtrons in intronic regions of Ant4 that 
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are essential for spermatogenesis, BAC DNA cannot recover expression of the mirtrons. 

This should be further elucidated in the future.  

Piwi-interacting RNAs (piRNAs) are single stranded RNAs of 24-31 nucleotides 

which are predominantly expressed in testis. Piwi (P-element-induced wimpy testis) 

which belongs to the argonaute family is involved in gene silencing of retrotransposons 

triggered by the association with piRNAs [86]. In the germ line of Drosophila, the 

complex of piRNAs and Piwi repress target RNAs by cleavage activity [91]. Miwi, a 

murine homologue of Piwi, has been previously demonstrated to play an essential role 

in spermatogenesis [92]. Homozygous Miwi mutants show early spermatogenic arrest 

with increased apoptotic cells, leading to a complete lack of elongating spermatids and 

resulting male infertility. piRNA expression is significantly reduced in murine Miwi-/- 

testes at 24 day postpartum, implying an essential role of piRNAs association with Miwi 

for spermatogenesis [93]. Thus, piRNA may be disrupted in the Ant4 null allele and 

could affect the phenotype of Ant4 ko mice although there is no known piRNA in Ant4 

locus (http://pirnabank.ibab.ac.in/). 

To clarify the issues mentioned above, a knockout mouse can be generated with 

minimal point mutations in Ant4 exons to circumvent the effect of potential factors which 

may influence Ant4 knockout phenotype. 

Regardless of the unexpected failure to rescue the Ant4 ko phenotype by BAC 

Ant4 tg mice, transgene Ant4 expression using the BAC DNA approach recapitulated 

the temporal and spatial expression of endogenous Ant4 in spermatogenic cells, 

indicating the Ant4 promoter is useful to achieve the expression of recombinases such 

as Cre recombinase or reporter genes such as GFP during male meiosis. 
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For successful recombination in vivo, Cre recombinase must be expressed 

specifically in a cell type of interest at a sufficient level to be able to induce 

recombination. Cre expressing transgenic mice have been generated in two ways. The 

first is to use a conventional transgenic vector with pronuclear injection [94]. The 

transgenic vector is generated by placing cre recombinase sequence downstream of a 

cell type specific promoter prior to injection into the pronucleus of embryos. This 

approach is advantageous because the transgenic vector is relatively simple and easily 

constructed and transgenic mice are generated faster. However, the transgene may not 

be properly expressed due to the use of a short promoter and the random insertion into 

a potentially heterochromatic region of the mouse genome. Thus, this approach may not 

guarantee proper regulation of transgene expression and as a result requires laborious 

work to screen for appropriate transgenic founders. Second, transgenic mice can be 

generated by knockin approach using targeted ES cells. In this case, a transgene is 

inserted downstream of a promoter of interest in ES cells using homologous 

recombination. This method promises transgene expression will be comparable to the 

expression of the endogenous gene due to regulation by the promoter. However, the 

loss of one allele of the endogenous gene may result in an unexpected phenotype due 

to haploinsufficiency. In addition, it is tedious and laborious to obtain correctly targeted 

ES cells because of low targeting efficiency. An alternative approach is to use BAC 

DNA, which can be easily manipulated in engineered E. coli by the recombineering 

(recombination-mediated genetic engineering) technique with high targeting efficiency. 

BAC transgenesis promises an endogenous gene expression of a transgene while 

overcoming potential transgene repression due to random insertion. In addition, levels 
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of transgene expression can be controlled by adjusting BAC DNA copy number 

because BAC transgene expression is proportional to BAC transgene copy number [95]. 

Therefore, the BAC approach for transgenesis is a powerful alternative. 

Several cre mice have been generated to target spermatocytes. Synaptonemal 

Complex Protein 1 (Sycp1) is expressed from leptotene to early pachytene stages of 

male meiosis. Previously, a Sycp1-cre line was generated with the 5’ proximal 260bps 

of a promoter-enhancer complex [96]. Unexpectedly, Cre-loxP mediated recombination 

was inhibited by the methylation of the cytosine residues of the loxP sites when the 

mice carrying Sycp1-cre recombinase were mated with Rosa26flox/flox mice in the second 

generation [97]. The cause of this phenomenon remains to be answered although it 

might be due to cre recombinase expression in meiotic cells as the authors mentioned. 

To circumvent this issue, the authors suggested the Sycp1-cre transgene can be carried 

in female double transgenic mice (Sycp1-cre;Rosa26flox/folx) throughout generation 

because the partial region of promoter-enhancer complex of Sycp1 used in the 

transgenic mice cannot induce cre expression during meiosis in females. However, it is 

questionable whether the Sycp1-cre mice are a good candidate for meiosis specific 

deletion of a gene of interest. Phosphoglycerate kinase 2 (pgk2)-cre mice has been 

reported and are a potential alternative to Sycp1-cre. Pgk2 catalyzes the conversion of 

1, 3-bisphosphoglycerate to 3-phosphoglycerate in the glycolytic pathway and is 

specifically expressed in testis. Pgk2 transcripts are first detected in preleptotene 

spermatocytes and expression continues to increase in spermatids [98]. To generate a 

pgk2-cre transgenic line, a 1.4 kbps DNA fragment including the murine pgk2 promoter 

was used [99]. Unpredictably, -galactosidase expression was very heterogeneous 
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among seminiferous tubules in testes carrying pgk2-cre and reporter (CAG-CAT-LacZ) 

alleles, resulting in -galactosidase expression only in 70% of spermatogenic cells. 

Although the authors argued Cre/loxP recombination occurs only in a part of 

spermatogenic cells for an unknown reason, cre recombinase expression should be 

thoroughly examined in male germ cells at each developmental stage during 

spermatogenesis because the 1.4kbps pgk2 promoter fragment may not be sufficient to 

produce cre expression comparable to endogenous pgk2 expression. Further, another 

pgk2-cre transgenic mouse generated with a 450bp pgk2 promoter fragment showed 

ectopic cre expression in embryonic tissues as well as adult non-meiotic tissues 

including skeletal muscle, brain and heart [100], implying that the short pgk2 promoter 

fragment could not correctly regulate the expression of transgenic cre recombinase like 

endogenous pgk2. Testicular heat shock protein 2 (Hspa2) was also used to develop a 

cre line to target spermatocytes [101]. However, cre expression by a 907bp Hspa2 

promoter fragment was observed in brain while the cre recombinase was predominantly 

detected in spermatocytes and spermatids. Therefore, the use of Hspa2 cre mice is 

limited when a targeted gene is expressed in testes as well as brain. The other two cre 

lines to target spermatocytes, c-kit cre [102] and Synapsin1-cre [103] have  limitations in 

their utility because c-kit and Synapsin 1 also are expressed in embryonic tissues and 

neurons, respectively. Therefore, Ant4 with BAC transgenesis approach is a promising 

strategy to target spermatogenic cells. Ant4 expression is limited to testicular germ cells 

and BAC DNA circumvents the problems of the previously reported cre lines for 

spermatogenic cells faced as described above. 
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Figure 3-1. Generation of BAC Ant4-IRES-GFP transgenic mice. (A) Strategy to target 

BAC DNA (B) Ant4 transcript expression by qRT-PCR (C) GFP expression by 
RT-PCR. 3T3 with GFP and without GFP were used as positive and negative 
controls, respectively. [Photos courtesy of Chae Ho Lim] 
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Figure 3-2. Testis specific GFP expression regulated by the Ant4 promoter. H/E: 

Hematoxylin and eosin staining. [Photos courtesy of Chae Ho Lim] 
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Figure 3-3. Meiosis-specific GFP expression in spermatogenic cells. [Photos courtesy of 

Chae Ho Lim] 
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Figure 3-4. Timely expression of a transgene in postnatal testes. [Photos courtesy of 

Chae Ho Lim] 

 
 
 
 



 

73 

 
 
Figure 3-5. Transgene expression level in testes. (A) Tg Ant4 transcript expression by 

qRT-PCR (B) Tg Ant4 protein expression by Western blot analysis 
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Figure 3-6. HA-tagged transgene expression by the Ant4 promoter. (A) Strategy to 

target BAC DNA (B) Tg Ant4 expression detected by anti-HA antibody in 
testis. [Photos courtesy of Chae Ho Lim] 
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Figure 3-7. Transgenic Ant4 localizes in mitochondria during spermatogenesis. (A) 

Immunohistochemistry with an anti-HA antibody in testis (B) 
Immunocytochemistry with anti-Ant4 and anti-HA antibodies in sperm. 
[Photos courtesy of Chae Ho Lim] 
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Figure 3-8. Tg Ant4 expression does not restore impaired spermatogenesis in Ant4 null 

testis. H/E staining was performed. [Photos courtesy of Chae Ho Lim] 
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CHAPTER 4 
ANT4 IS EXPRESSED IN MEIOTIC FETAL OVARY 

Background 

In mammals, meiosis for oogenesis and spermatogenesis begin at different life 

stages. In mice, primordial germ cells reach the gonards at ~11dpc [104]. In male mice, 

the germ cells arrest in mitosis at 14dpc. After birth, mitosis resumes and type A 

spermatogonia begin to appear at P3-7 and differentiate into intermediate 

spermatogonia. The intermediate spermatogonia develop into type B spermatogonia 

which differentiate into primary spermatocytes. The primary spermatocytes enter 

meiosis I at P10 [81] and continue to generate further differentiated lineages such as 

spermatids and spermatozoa. Once spermatogenesis initiates, it continues to generate 

male germ cells throughout life. In female mice, oogonia differentiate into primary 

oocytes by mitosis and the oocytes enter meiotic prophase I at approximately 13.5dpc 

[105]. The primary oocytes undergo leptotene, zygotene and pachytene stages with 

extensive apoptosis then arrest at the diplotene stage [106]. The primary oocytes 

remain in a dormant state until they reach puberty. After birth, each oocyte is enclosed 

by somatic granulosa cells, which provide metabolic and signaling molecules to the 

oocytes to form primordial follicles. The primordial follicles begin to grow and mature 

with increased size until puberty, resulting in antral follicles. During any one menstrual 

cycle, selected oocytes reenter the final stage of meiosis I and complete the first meiotic 

division with formation of the first polar body prior to ovulation. After ovulation, the 

oocytes arrest in metaphase II of meiosis II. Once fertilized, the second meiotic division 

is completed with formation of the second polar body. 
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Mammalian female primordial germ cells have two X chromosomes whereas 

male primordial germ cells have heterogametous X and Y chromosomes. During male 

meiosis, sex chromosomes (XY) are subject to meiotic sex chromosome inactivation 

(MCSI), which may originate from an ancient defensive mechanism of the genome 

against invading viruses or transposons [107]. Unpaired XY chromosomes are 

repressed because they lack a paired counterpart during meiosis, but paired XX 

chromosomes can escape from the MCSI [108]. Thus, X-linked genes including Ant2 

can be repressed during male meiosis but are expressed during female meiosis. 

Ant4 is exclusively expressed in testis with highest expression in primary 

spermatocytes that undergo prophase I of meiosis I [25]. However, we were interested 

to examine whether Ant4 is also expressed during female meiosis. In the ovary, 

prophase I of meiosis I occurs during fetal development as described above. Thus, we 

examined Ant4 expression in fetal ovary. Our previous study demonstrated that there is 

no Ant4 expression in adult ovary [25]. In addition, when Ant4 is expressed during 

female meiosis, Ant4-/- female mice may have compromised fertility  

In the present study, we examined Ant4 and Ant2 expression in fetal ovaries at 

various time points. In addition, the fertility and ovary histology of female Ant4-/- mice 

were closely examined. 

Materials and Methods 

qRT-PCR and Hematoxylin and Eosin staining were performed as described in 

Chapter 3. To examine the morphology of adult ovaries, they were extracted from 

various ranges ages of Ant4+/- and Ant4-/- females (7-13 months old). After fixation in 

4% paraformaldehyde in PBS, the ovaries were weighed and taken images with a ruler 

for scale. To analyze offspring number, Ant4+/- and Ant4-/- females were mated with 
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Ant4+/- males, respectively. The number of offspring from 22 Ant4+/- and 17 Ant4-/- 

females was counted and recorded. 

Results 

Ant4 and Ant2 are Expressed in Fetal Ovary. 

To investigate if Ant4 and Ant2 are expressed in fetal ovary, murine ovaries were 

collected at different embryonic days (E13.5d, E14.5d, E15.5d, E16.5d, E17.5d and 

E18.5d). Transcript levels of each gene were detected by qRT-PCR (Figure 4-1). Ant4 

transcripts were found in the fetal ovaries over the selected time points except for 14 

week old adult ovary. 14 week old testis was used as a positive control for Ant4 

expression. In testis, Ant4 expression is high in spermatocytes undergoing meiosis 

(Figure 3-6B). Like the expression pattern in testis, in ovary, Ant4 was detected during 

embryonic development when meiotic prophase I occurs as seen with Sycp3 expression, 

whereas adult ovary did not express Ant4. This indicates Ant4 is specifically expressed 

during meiosis in both female and male reproductive organs. Since the homogametic 

sex chromosome (XX) in female mice can escape meiotic sex chromosome inactivation 

[108], we expected X-linked Ant2 gene expression in fetal ovary. Indeed, Ant2 

expression was found in the fetal and adult ovary (14 wk old) regardless of meiotic 

stages (Figure 4-1). 14 wk old liver was used as a positive control for the Ant2 

expression. 

Female Ant4-/- Mice are Fertile with Normal Ovary Morphology. 

In order to examine if Ant4-/- ovary is morphologically abnormal, adult ovaries (7-

13 months old) were extracted from Ant4+/- and Ant4-/- females. We found the ovaries 

examined were not different in morphology or size between Ant4+/- and Ant4-/-mice 

regardless of age even though there was a difference in size among individuals (Figure 
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4-2A). Weight of ovaries also was similar between two groups (Mean value: 4.21mg for 

Ant4+/- and 4.31mg for Ant4-/-, p=0.84) (Figure 4-2B).For further examination of ovary 

structure, H&E staining was carried out with extracted ovaries (12 months old). 

Developing follicles with normal morphology were found in both genotypes (arrows) and 

no clear abnormalities were observed in the follicles or surrounding tissues (Figure 4-3). 

In addition, the number of offspring from 22 Ant4+/- and 17 Ant4-/- females was 

counted. Mean value was 5.7 for Ant4+/- and 4.5 for Ant4-/- (p=0.01) (Figure 4-4). On 

average, Ant4+/- females had one additional offspring compared to Ant4-/- females.  

Discussion 

This study demonstrated that Ant4-/- ovary is normal in morphology, size, and 

weight. However, it should be noted that average litter size was slightly smaller in Ant4-

/- females compared to Ant4+/- females, implying that Ant4 may play a non-essential 

but somewhat beneficial role in female fertility as well. Nonetheless, Ant4-/- females are 

fertile unlike Ant4-/- males. One possible explanation is that Ant2 compensates for the 

loss of Ant4 during female meiosis. Gene expression profiles showed Ant4 expression 

is limited to the meiotic fetal ovaries while Ant2 is expressed in the fetal and adult 

ovaries (Figure 4-1). Thus, unlike testis where Ant2 is repressed by MSCI, Ant2 

expression may be sufficient to compensate for the absence of Ant4 in fetal ovary. The 

other possibility is that Ant activity may not be required for embryonic ovary 

development. To clarify these issues, Ant2 conditional knockout mice were generated 

by Dr. S. Paul Oh at UF by targeting exon 2 and 3 of Ant2. These mice are currently 

being mated with Ant4 ko mice to generate Ant2/4 double ko mice for future study. We 

will utilize a Stra8-cre mouse for germ cell specific deletion of Ant2 during and after 

meiosis. The fetal Ant2/4 double null mutant ovaries will be examined for morphology, 
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size, and cell death to determine if the developmental process is normal in fetal ovaries 

lacking both Ant2 and Ant4 expression. Further, it will be interesting to investigate if 

Ant2 is required for oogenesis both in embryonic and adult stages.  

The X chromosome contains multiple genes encoding metabolic enzymes that 

are essential for spermatogenesis. Thus, male germ cells need compensatory systems 

to compensate for X-linked gene silencing by MSCI. One of such compensatory 

mechanisms is through retrogenes, which are formed by a retrotransposition process 

[46]. After the progenitor gene of a retrogene is transcribed and spliced to form mature 

RNA, the mature RNA is reverse transcribed by reverse transcriptase. The product of 

such reverse transcription is integrated into the genome, specifically into autosomes in 

the case of X-linked genes. Thus, in general, retrogenes lack introns unlike their 

progenitor genes although some retrogenes can retain an intron from partially 

processed mRNA or aquire an intron after retrotransposition. The phosphoglycerate 

kinase family (Pgk1 and Pgk2) is a typical example of a retrogene [109]. Pgk is a 

glycolytic enzyme that converts 1, 3-diphosphoglycerate to 3-phosphoglycerate. X-

linked Pgk1 is constitutively expressed in somatic cells and premeiotic germ cells while 

Pgk2 is an autosomal linked gene which is exclusively expressed in meiotic germ cells 

during spermatogenesis. The Pgk2 gene lacks introns unlike Pgk1 contains 10 introns. 

Thus, Pgk2 is thought to be a retrogene of Pgk1. So far, 20 retrogenes derived from 16 

X-linked progenitor genes have been identified in humans and mice. Interestingly, 14 of 

these are specifically expressed in testis [46]. However, it is unlikely that autosomal 

Ant4 is a retrogene of X-linked Ant2 because Ant4 has 6exons with surrounding introns 

whereas Ant2 has 4exons. Nonetheless, if exchanging cytoplasmic ADP for 
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mitochondrial ATP is essential for meiosis, Ant2 or Ant4 alone may be sufficient to 

accomplish the meiosis although Ant2 may not be optimal. We still question why Ant4 is 

conserved in mammals and anole lizard, which is a reptile. What function of Ant4 is 

required for germ cells? The one clue comes from the differences between male and 

female germ cells. Male germ cells, specifically spermatozoa are motile unlike female 

germ cells suggesting Ant4 may be specialized to provide energy for motility in 

spermatozoa that contain densely packed mitochondria. Aside from general sperm 

motility, Ant4 may be specialized for hyperactivated sperm motility. Hyperactivated 

sperm motility is characterized by the increased amplitude of the flagellar bend of sperm 

with highly asymmetrical beating pattern which is required to penetrate the zona 

pellucida of an ovum. This will be discussed in further detail in Chapter 5. 
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Figure 4-1. Ant4 is expressed in fetal ovaries. Ant4, 2 and Sycp3 gene expression was 

examined in fetal and adult ovaries by qRT-PCR. Each mRNA amounts were 
normalized based upon the expression of the actin mRNA. Error bars indicate 
standard deviations of triplicate samples. 
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Figure 4-2. Ant4-/- ovary is morphologically normal. (A) Gross morphology of fetal 

ovaries from Ant4+/- and Ant4-/- females. (B) Weight of adult ovaries shown 
in Figure 4-2A (p=0.84). [Photos courtesy of Chae Ho Lim] 
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Figure 4-3. Ant4-/- ovary is histologically normal. Hematoxylin and eosin staining (X4). 

Arrows indicates developing follicles. [Photos courtesy of Chae Ho Lim] 
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Figure 4-4. The number of offsprings from Ant4+/- and Ant4-/- females. Asterisk 

indicates p<0.05 in t test (p=0.01). 
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CHAPTER 5 
CONCLUSIONS AND DISCUSSION 

Prior to this work, Ant4 was thought to be conserved only in mammals. Through 

close examination of an updated genomic sequencing database, we found that the 

reptilian anole lizard, which utilizes the heterogametic sex (XY) determination system, 

has the Ant4 ortholog. Exon-intron structures and testis specific expression of anole 

Ant4 were analogous to those of human and murine Ant4. Previously, we thought that 

autosomal Ant4 acts as a compensatory Ant for the loss of X-linked Ant2 gene 

expression during male meiosis due to meiotic sex chromosome inactivation (MSCI). 

However, gene dosage analysis with genomic DNA and bisulfite sequencing patterns 

indicated that anole Ant2 is not located on the X chromosome. Interestingly, even 

though autosomal Ant2 is free from MSCI, Ant4 was still highly expressed in anole 

testis. This implies Ant4 may not simply be conserved as a compensatory gene for the 

Ant2 silencing during male meiosis. Instead, Ant4 may have a specialized function to 

facilitate spermatogenesis and/or sperm functions in these species. To examine the 

hypothesis that Ant4 is a specialized Ant for male germ cells, Ant2 or Ant4 was 

expressed in Ant4 null testes using a BAC transgenic approach to see if Ant2 could 

restore the Ant4 null phenotype. Unexpectedly, Ant4 expression in the Ant4-/- testes did 

not recover impaired spermatogenesis even though transgene Ant4 expression pattern 

and level seemed comparable to the endogenous Ant4 gene. Thus, it is likely additional 

unknown factors such as effects on downstream genes or small non-coding RNA 

depletion may be involved in the Ant4 ko mouse phenotype beyond simple deletion of 

exons and intron of the Ant4 gene, may contribute to the Ant4 ko mouse phenotype. 

Finally, we closely examined the phenotype of homozygous Ant4 ko ovaries. Ant4 was 
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detected in fetal ovaries but not in adult ovary while Ant2 was expressed in both fetal 

and adult ovaries. Unlike male Ant4 null testis, there were no differences in gross 

morphology, size, and weight of adult ovaries from Ant4+/- and Ant4-/- females although 

Ant4-/- females has a slightly smaller litter size than Ant4+/- females. This suggests that 

Ant2 is sufficient for embryonic ovary development although Ant2 may not be optimal. 

Based on the apparently normal phenotype of Ant4 null ovary, meiosis in general may 

not require a specific Ant paralog. In this case, what can be a specialized function of 

Ant4? Unlike oocytes and other somatic cell types, spermatozoa are highly motile. 

Thus, intuitively, Ant4 may play a role in sperm motility. Hyperactivated sperm motility, a 

specialized type of motility, is acquired in the oviduct of female reproductive organs and 

is characterized by highly asymmetrical and increased amplitude of the flagellar bend of 

sperm in mammals [110]. The asymmetrical beating pattern makes sperm swim in 

circles or a figure eight pattern with extreme beating, whereas normal sperm swim 

nearly straight on glass slides. The extraordinarily active movement of sperm is 

proposed to be required for penetrating through thick mucus secretions in oviductal 

lumen and the cumulus oophorus and zona pellucida of oocytes [110]. Without the gain 

of hyperactivated motility, sperm cannot pass through the highly viscoelastic 

environment to reach oocytes for fertilization, resulting in infertility even though sperm 

are still able to move progressively. Ca2+ is a well-studied inducer to trigger 

hyperactivation. The increase of intracellular Ca2+ level by a calcium ionophore A23197 

in boar sperm was previously used to trigger hyperactivated motility in vitro [111]. 

CatSper is a flagellum-specific Ca2+ channel protein to mediate Ca2+influx through the 

plasma membrane of sperm tails. Four CatSper genes have been identified in the 
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principal piece of mammalian sperm and all of them have been reported to be required 

for normal and hyperactivated sperm motility [112-115]. Very intriguingly, the gene 

conservation patterns of CatSper and Ant4 in a variety of vertebrate species are 

identical (Table 5-1). On the other hand, other sperm specific channels such as Ksper, 

P2RX2, and Hv1, which are not related to sperm hyperactivation are not conserved with 

CatSper and Ant4. This identical gene conservation pattern between CatSper and Ant4 

implies Ant4 is involved in sperm hyperactivation. Indeed, hyperactivated sperm motility 

triggered by increased Ca2+ levels is depend on ATP availability [116] and mitochondrial 

respiratory activity determined by oxygen consumption is remarkably high in sperm 

selected by the swim-up method and the highly upregulated mitochondrial respiratory 

activity is maintained under in vitro condition mimic to in vivo capacitation that is 

coincided with hyperactivation [117]. However, it has been reported that mitochondrial 

oxidative phosphorylation is not required for hyperactivated sperm motility in the rhesus 

macaque [118]. Thus, it will be interesting to examine sperm hyperactivation with Ant 

inhibitors such as CATR or bongkrekic acid under a hyperactivation inducing condition. 

How does Ant4 regulate sperm motility including hyperactivated sperm motility? 

During the last three decades, the metabolic compartmentation theory has been 

intensively studied with experimental and theoretical considerations[119]. In the 

classical view, metabolism occurs through a series of enzymes dispersed freely in the 

intracellular aqueous space. Metabolic intermediates catalyzed by one enzyme are 

released in the aqueous phase and move to the next enzyme in the metabolic sequence 

by passive diffusion. However, living cells are filled with solutes, macromolecules such 

as nucleic acids, and proteins including metabolic enzymes and organelles. The 
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extreme complexity of cells hinders the mobility of metabolites by diffusion. To 

successfully achieve metabolism, sequential metabolic enzymes interact each other or 

with structural proteins and membranes. The interactions of sequential metabolic 

enzymes facilitate metabolic channeling which directly transfer intermediate metabolites 

from one enzyme to an adjacent enzyme without diffusion. This metabolic 

compartmentation phenomenon has been found in plant as well as animals. Particularly, 

glycolytic enzymes in Arabidopsis thaliana are associated dynamically with the 

mitochondrial outer membrane protein, VDAC to provide pyruvate for mitochondrial 

respiration [120]. Since metabolic intermediates catalyzed in glycolysis are in high 

demand for a number of metabolic pathways including oxidative phosphorylation, the 

interaction between glycolytic enzymes and VDAC ensure sufficient pyruvate supply for 

mitochondrial oxidative phosphorylation without competing for consumption of upstream 

metabolites by other pathways. In addition, tricarboxylic acid cycle enzymes have been 

reported to form a diffusible multienzyme complex in the mitochondria of mammalian 

cells such as CHO and COS7 cells [121]. Interestingly, Odet et al reported LdhC 

associated with Ant4 plays an essential role in the regulation of glycolysis in sperm 

flagellum, which is critical for providing energy for sperm motility [122]. They proposed 

the glycosome model as a potential mechanism where glycosomes including LdhC and 

Ant4 in sperm flagellum provide ATP for sperm motility. However, immunostaining with 

anti-Ant4 and anti-HA tag antibodies showed Ant4 is localized to the murine sperm 

midpiece where mitochondria reside (Figure 3-7). In addition, although LdhC is highly 

expressed in sperm flagellum it is also expressed in the sperm midpiece [122]. Thus, I 

suggest that Ant4 with VDAC forms a multienzyme complex including glycolytic and 
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tricarboxylic acid cycle enzymes in sperm mitochondria to facilitate highly demanded 

ATP production for progressive and hyperactivated sperm motility. It will be very 

interesting to examine what proteins are associated with Ant4 using a pull-down assay 

with an anti-HA tag antibody in HA tagged Ant4 expressing testis. 
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Table 5-1. Ant4 and CatSper genes share an identical ortholog conservation pattern in 
vertebrates 

(Sub)Classes Mammals Reptiles Birds Amphibian Lobe-Finned Fish Bony Fish

Genes   Species Human Mouse Cow Anole Turtle Chicken Turkey Frog Coelacanth Cod Zebrafish

CatSper1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 ND ND ND 1-to-1 ND ND

CatSper2 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 ND ND ND 1-to-1 ND ND

Slc25a31 (Ant4) 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 ND ND ND 1-to-1 ND ND

Ksper (Slo3) 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 ND ND ND PO

P2RX2 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1

Slc25a4 (Ant1) 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1

Hv1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 1-to-1 ND 1-to-1 1-to-1  
(1-to-1: ortholog identified to human gene, ND: not detected, PO: possible orthologue) 
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